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ABSTRACT 
 
Demands to develop technologies and methods for replacing non-renewable materials, such as 
concrete and steel, with renewable materials, as timber for example, in load-bearing 
constructions are not to be neglected. For attaining this, the drawbacks of timber such as 
sensitivity for moisture changes, mold growth and other microorganisms must be decreased or 
even prevented.  
 
The main objective of this report is to study and determine the mechanical properties of 
acetylated Scandinavian pine, Pinus Sylvestris. Moreover, the object is also to get a better 
knowledge of what acetylation is and how the process affects the timber itself. Methods used 
for this work is of experimental nature and a literature study was made as well. The tests 
intended to determine the density, moisture content, modulus of elasticity, embedment 
strength (both parallel and perpendicular to the grain) and shear capacity in a connection. 
Dowel diameters of 12, 16 and 20 mm were used for the tests.  
 
Different ways of modifying timber are described shortly as furfurylation and thermal 
modification as well as the advantages and drawbacks of each method. Acetylation is the third 
method of modifying timber described and a more profoundly study was made. Worldwide, 
acetylation is considered to be the most promising method to enhance the properties of timber, 
both economic and technical qualities. Acetylation is a chemical reaction, where acetic 
anhydride reacts with hydroxyl groups in the cell wall where the united acetyl bulks the cell 
wall causing the timber to swell. The by-product of acetylation is acetic acid. The acetic 
anhydride changes light woods into darker whilst dark woods are slightly bleached. 
Acetylation has several advantages for the timber as e.g. increasing the dimensional stability 
by 70-80%, decreasing the equilibrium moisture content and not being degradable by fungi.  
 
Test results showed that, as excepted, the equilibrium moisture content of the acetylated 
Scandinavian pine was lower in comparison with untreated timber of the same species. This is 
one of the best advantages and gives the acetylated timber a better resistance against any 
biological attack. Furthermore, the acetylated Scandinavian pine showed a mean density of 
618 kg/m3 and the characteristic density was approximately 530 kg/m3. Compared to 
unmodified structural timber (C24) an increase of 52% was reached. Moreover, a higher 
density results in a higher embedment strength (E.S). For all the tests performed parallel to the 
grain the tested characteristic E.S was higher than the calculated characteristic E.S. in 
contrary to the test performed perpendicular to the grain.  
 
The mean modulus of elasticity (MOE) for acetylated Scandinavian pine reached 14,9 GPa 
and the characteristic MOE was determined to 9,2-9,8 GPa (for normally and logarithmically 
normally distributed). A stiffer material was reached, if once again comparing with structural 
timber, which has a characteristic MOE of 7,4 GPa.  
  
Lastly, a higher shear capacity was expected (and reached), in comparison with unmodified 
timber, as the density and E.S was higher. The failure mode implies that the connection was 
not ductile enough. This indicates that the design codes may not be applicable for acetylated 
timber and a bigger distance to edge may be necessary, or possibly a reinforcement of the 
connection.  
 
Keywords: chemical modification, timber, wood, acetylation, mechanical properties, density, 
moisture content, modulus of elasticity, embedment strength, shear capacity, connection, 
Scandinavian pine, Pinus Sylvestris, load-bearing structures  
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SAMMANFATTNING 
 
Det går inte att bortse från den stora efterfråga som idag råder gällande ny utveckling av 
metoder för att ersätta icke förnybara material (så som stål och betong exempelvis) med 
förnybara material (såsom trä) i lastbärande konstruktioner. Trä som material har en del 
nackdelar och det är just dessa man skulle vilja eliminera eller begränsa för att nå fram till ett 
material med minimal påverkan för miljön både under produktion, användandet och i slutet av 
sin livstid.  
 
Syftet med denna rapport är att studera och bestämma de mekaniska egenskaperna för 
acetylerat Svensk furu, Pinus Sylvestris. Vidare, är målet även för att få en bättre förståelse 
för hur acetylering fungerar och hur det påverkar materialet. Metoden för detta arbete är 
delvis experimentellt men består även av en litteraturstudie. Testerna ämnade att bestämma 
densitet, fuktkvot, elasticitetsmodul, hålkantshållfasthet (både parallellt och vinkelrätt 
fiberriktningen) och skjuvkapacitet i förband. Dymlingsstorlekar med diameter 12, 16 och 20 
mm användes.  
 
Olika sätt för att modifiera trä är beskrivna i sin korthet såsom furfurylering och termisk 
modifiering, dess för- och nackdelar för respektive metod är även utredda. Den tredje 
metoden som studerats mer noggrant är acetylering. Globalt sett ses acetylering som den mest 
lovande metoden för att förbättra de mekaniska egenskaperna för trä. Acetylering är en 
kemisk reaktion som sker i cellväggen av träet. Denna reaktion innebär att ättiksyraanhydrid 
reagerar med hydroxylgrupper och bidrar till en viss svällning av träet. Biprodukten av 
acetylering är ättiksyra, där ljust trä blir något mörkare utav acetylering och mörkare trä bleks 
något. Att acetylera trä har fler fördelar såsom att stabiliteten ökar med 70-80%, 
jämviktsfuktkvoten minskar och träet blir mer motståndskraftigt mot svamp- och rötangrepp.  
 
Testerna visade, som väntat, att fuktkvoten av den acetylerade Svenska furan var lägre i 
relation till obehandlat trä vilket ger dess förbättrade motstånd mot biologiska angrepp. 
Resultaten visade även att dess medeldensitet var 618 kg/m3 och dess karakteristiska densitet 
var omkring 530 kg/m3. Jämfört med icke modifierat trä (C24) nåddes en densitetökning på 
52%. Vidare ger en högre densitet en högre hålkantshållfasthet. Den provade karakteristiska 
hålkantshållfastheten (parallell fibrerna) var genomgående högre än den beräknade 
karakteristiska hållkantshållfastheten. Tvärtom var det för testen utförda vinkelrätt fibrerna.  
 
Medelvärdet av elasticitetsmodulen resulterade i 14,9 GPa för acetylerad svensk furu medan 
den karakteristiska elasticitetsmodulen var 9,2-9,8 GPa (för normal- och logaritmisk normal 
fördelning). Detta kan sättas i relation till konstruktionsvirke (C24) som har en karakteristisk 
elasticitetsmodul på 7,4 GPa.  
 
Ytterligare var en högre skjuvkapacitet i förband (i relation till icke modifierat trä) förväntad 
och även nådd, då hålkantshållfastheten var högre. Brottmoderna och deformationskurvorna 
från testerna tyder på att ingen plasticering av träet uppstått innan brott. Detta pekar åt att 
standarderna som idag finns inte är helt och hållet applicerbara för acetylerad Svensk furu. Ett 
större avstånd till ände eller möjligtvis armering/förstärkning av träet på något sätt kan vara 
ett måste för att få en mer duktil brottmod då materialet upplevs som sprödare.  
 
Nyckelord: kemisk modifiering, trä, acetylering, mekaniska egenskaper, densitet, fruktkvot, 
elasticitetsmodul, hålkantshållfasthet, bärförmåga i träförband, skandinavisk tall, Pinus 
Sylvestris, lastbärande konstruktion   
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LIST OF ABBREVIATIONS AND SYMBOLS 
 
CoV Coefficient of variation 
E.S Embedment strength or embedding strength 
MC Moisture contents 
MOE Modulus of Elasticity 
Stdev Standard deviation 
S.C Shear capacity (in a connection) 
WPG Weight percent gain 
  
∅ Dowel diameter 
𝜌 Density 
𝜌𝑘 Characteristic density 
𝜔 Moisture content 
𝑑 Dowel diameter 
𝐹𝑎𝑥,𝑅𝑘 Characteristic withdrawal capacity of the fastener 
𝑓ℎ,𝛼,𝑘 Characteristic embedment strength at angle 𝛼 to the grain 
𝑓ℎ,0 Embedment strength parallel to the grain 
𝑓ℎ,90 Embedment strength perpendicular to the grain 
𝐹𝑚𝑎𝑥,0 Maximum embedding force parallel to the grain 
𝐹𝑚𝑎𝑥,90 Maximum embedding force perpendicular to the grain 
m1 Mass of the test slice before drying 
m2 Mass of the oven dry test slice 
𝑀𝑦,𝑅𝑘 Characteristic yield moment in fastener 
t Wood member thickness 
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1 INTRODUCTION 
1.1 Background 
In many high or large span structures non-renewable materials, steel or concrete for example, 
are used in load-bearing elements in a system. Renewable materials, timber for example, are 
not as frequently used in the load-bearing part in a system mentioned above. Reason for this is 
mainly because both steel and concrete do not have the same sensitivity for moisture changes, 
mold growth and attacks from other microorganisms as wood does. The requirements to 
develop technologies and methods for replacing non-renewable materials with renewable 
materials are increasing for every day. The global warming is just one solid proof for this 
statement, where the rate of our consumption exceeds the limit of our assets. In the long term, 
this pattern of consumption is not sustainable. The current need of an improved solution 
focusing on the environmental aspects are not to be neglected. 
 
70% of Sweden’s land area is covered by forest, primarily softwood as pine and spruce. The 
number has doubled in less than 100 years mainly due to improvement of the forest 
management, change in land use and the fact that number of fellings are lower in comparison 
with number of planted threes, also see Figure 1. [1] 
 
 
Figure 1 - Sweden’s forest recourse for the last 100 years. (Source: Swedish Forest Agency) 
 
Since wood is relatively accessible in Sweden the idea to use wood more frequent as a 
construction material is possible and yet not a new idea. Wood is one of our oldest 
construction materials and has many well-known benefits both economical and mechanical 
[4]. Wood is in relation to its weight a strong material, it is a renewable material with a closed 
eco-cycle (see Figure 2) and also frequently used for expressing a construction aesthetically. 
However, wood suffers from drawbacks such as being sensitive for moisture changes in the 
surrounding environment, mold growth and degradability for microorganisms [1]. To gain 
improved properties it can be of interest to modify the timber. In this report modification of 
timber by acetylation, furfurylation and thermal modification has been studied. These 
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modification methods are both non-toxic and when it comes to acetylation, studies have 
shown that a higher dimensional stability and improved fungal resistance is gained [2]. 
Outstanding matters are if the mechanical properties of the Scandinavian pine maintains after 
the timber was acetylated. And moreover, if acetylation is an appropriate modification method 
for Scandinavian pine.  
 
 
Figure 2 - The eco-cycle of wood products. (Source: Swedish Wood) 
 
1.2 Aim of this work 
The main objective of this report is to study and determine the mechanical properties of 
acetylated Scandinavian timber in load-bearing constructions. The work is of experimental 
nature. Additionally, the aim is further to get a better understanding of how the acetylation 
process is performed and how it affects the timber itself. Acetylated specimens of 
Scandinavian pine (Pinus Sylvestris) were tested in a laboratory in order to determine density, 
moisture content, modulus of elasticity, embedment strength (parallel and perpendicular to the 
grain) and shear capacity in a connection.  
 
Furthermore, the aim is to create a basis for further research and hopefully leading towards a 
development of the society if an essential, sustainable solution is to be found. Where the 
environmental aspects are the main focus. If arousing an interest in the industry of using 
acetylated timber in load-bearing constructions this report can be of socially beneficial 
perspective. Moreover, the aim is to determine if the existing design codes are applicable for 
acetylated Scandinavian pine.  
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1.3 Limitations 
This report is limited to test acetylated timber specimens of Scandinavian pine. Mainly the 
mechanical properties are of interest. The dimensions for all specimens were in structural size 
and about 130x25x1640 mm3. The tests were performed with three different dowel diameters 
12, 16 and 20 mm. The shear capacity in connection was tested parallel to the grain and only 
in short-term loading.  
1.4 Method 
A literature study was commenced to gain more information and knowledge about 
modification of timber, the different types of chemical modification, how modification is 
performed and the advantages and drawbacks for every modification processes respectively. 
Furthermore, the literature study included reading Eurocode (EC) and Swedish Standards 
(SS). Regarding how to perform the test to measure moisture content (MC) of a piece of sawn 
timber (both by oven dry method and electrical resistance method), how to determine the 
embedment strength and how to design a connection to determine the shear capacity. 
 
The manufacturing of the acetylated timber specimens were performed by SP Technical 
Research Institute of Sweden. Six equivalent specimens of acetylated Scandinavian pine, with 
dimensions of 130x25x1640 mm3, were provided from SP. Prior to implementing the 
laboratory tests a distribution of the specimens were made according to section 4.1 to ensure 
rightly performed test given by the standards. All tests were conducted at the laboratory of the 
Faculty of Engineering (LTH). 
 
Moreover, calculations by hand were made to determine the mechanical properties for both 
the four pointed bending test to determine maximum load that can be applied for a non 
destructive test. As well as to estimate the design capacity for the connection in the ultimate 
limit state based on Johansen’s theory in EC 5 [I]. The design calculations where later 
compared and evaluated with the test results. The laboratory tests were implemented 
according to Chapter 4. 
 
Finally, the results were compared with other laboratory tests found from the literature study 
and source of errors were evaluated.  
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2 TIMBER AS A CONSTRUCTION MATERIAL 
In this chapter timber as a construction material, its advantages and drawbacks, actions to 
protect the timber and timber in connections are presented.  
2.1 Availability, advantages, disadvantages and protective methods 
Since the total area of forest land in Sweden is 28 million hectares, corresponding to 70% of 
the total area of Sweden, the availability of wood and timber has roughly never been a 
question. The forest land of Sweden is one of its most important resources as naturally 
renewable and has an essential part in the path of becoming a sustainable society. Out of the 
28 million hectares, 41% is Norway spruce (Picea abies), 40% is Scots pine (Pinus 
sylvestris), 18% is birch and 6% is a mixture of different deciduous trees. An estimation of 
how the sawn timber is used in Sweden can be seen in Figure 3. [1] 
 
  
Figure 3 - Estimated use of sawn timber in Sweden (2010). (Source: Swedish Forest Industries 
Federation) 
 
Besides the easy availability of timber, timber has other advantages such as its universal area 
of use which early made timber an outstanding engineering material [2]. For example, timber 
can be used as the loadbearing part in a structure, for furnishing, carpentry, formwork and 
falsework etc. Timber is characterized by its many beneficial properties, such as its low 
density, the ease to work with, being aesthetical appealing, the great ability of thermal 
insulation (compared with other loadbearing materials), being a renewable material and the 
high strength of the material in relationship to its weight [1,9].  
 
The climate is affected by the forest, but unlike nearly all other impacts, the forest has a 
positive effect on the climate and is even named a renewable recourse. This can simply be 
explained by the photosynthesis for a tree, see Figure 4. When a three is growing it absorbs 
CO2 (carbon dioxide) from the atmosphere throughout its life. And it continues to store the 
CO2 after being harvested. The organization Swedish wood declares that the use of wood 
Glued laminated
4%
Pallets and 
packaging
18%
Wood to 
industries*
15%
New 
constructions
10%
Renovations 
requiring 
building permits
34%
Renovations 
not requiring 
building 
permits
19%
*flooring, furniture, windows, doors 
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reduces the earth’s emission of CO2 and is a vital contribution for a more sustainable world. 
Furthermore, a responsible forest management which is stimulating a net growth, meanwhile 
protecting the biodiversity, can be an important aspect for reducing the impact of the climate 
and mainly reducing the emission of CO2 in our atmosphere. [1] 
 
 
Figure 4 - The photosynthesis effects of tree growth. (Source: Swedish Wood) 
 
The structure of the wood is shortly described for an understanding of the composition of the 
material. Wood is a three dimensional polymeric composite and the wood cell wall is mainly 
made of cellulose, hemicellulose and lignin. These polymers are liable for the utmost of the 
physical and chemical properties for wood [5]. The wood cell resembles a straw and in the 
material the straws (wood cells) are placed parallel to one another. One can distinguish, more 
or less clearly, two parts, the heartwood and the sapwood. The heartwood is the inner part and 
the sapwood it the outer part of the tree trunk. The strength of the heart- respectively the 
sapwood is considerably identical. However, the moisture absorption is somewhat slower in 
the heartwood. This leads to decreased movement of the heartwood (in comparison with the 
sapwood) due to moisture changes [4]. 
 
Wood, however, has several drawbacks such as being biodegradable, dimensionally unstable, 
combustible and sensitive for UV light. Moisture changes in the surrounding environment 
affect the dimensions of the wood and with that leading to cracking in the wood due to 
swelling and shrinking. Moisture changes can also lead to mold growth on the surface of the 
wood [2]. Furthermore, the sapwood has low resistance compared with the heartwood. This is 
due to extractives in the heartwood that prevent fungus and reduce the tendency of the wood 
to absorb water [10]. 
 
The use of timber in an outdoor climate demands protection of the timber. Without protection 
of any kind timber is not suitable for outdoor use and the lifespan is rather short. Timber can 
be protected by several different methods. Primarily preventive action of the timber should be 
made with constructive methods. This means that the construction is built in a way such that 
any possible attacks are prevented and the wood is protected against high moisture content 
during a long period of time. Moreover, occasionally moistening have to quickly dry out and 
return to normal level of moisture content to avoid damage of the timber. In several situations 
the opportunity for constructive protections of the timber is not attainable due to a constant 
high moisture content in the surrounding environment. Furthermore, other ways to protect the 
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wood can be of a chemical nature, by for example adding chemicals to the wood to improve 
the resistance by inhibiting or preventing attack by wood destructive organisms and 
improving the durability. These chemicals can either be added by manually coating or dipping 
of the wood. This technique gives mainly a limited result due to difficulty of the chemicals to 
penetrate deep into the wood. Therefore, this technique is used as a supplement to other 
techniques. Primarily, coatings are used for surface treatment of outdoor furniture and 
decking. [1] 
 
Another commercially known timber preservation is pressure treatment of the timber. An 
earlier recognized treatment process was the so called CCA-treatment. CCA stands for 
chromated copper arsenate and was often combined with creosote. Many of these chemicals 
provide an outstanding long-term protection since they are strongly fixated to the timber. To 
its detriment, the treatment includes toxic substances for both the environment and humans. 
Due to the high amount of toxic substances, consumed timber needs to be handled as 
hazardous waste. Nowadays it is forbidden to treat the wood with arsenate within the EU [11]. 
The mechanical properties of the wood after this treatment are roughly similar as before 
treatment [1]. 
 
As the pressure treatment of the timber has a negative effect on both environment and health, 
alternative methods are of great interest. Chemical modification of the timber, which as well 
improves the resistance and durability, may be one solution. In order to expand the use of 
timber in structures, chemical modification is a beneficial way of improving the properties of 
the timber. For timber to be a substitution to construction materials such as plastic, steel or 
concrete modification may be one solution. In “Acetylation of Wood – A review” Roger M. 
Rowell said: 
 
”If we could change the chemistry of the wood cell wall, we could make a 
new bioarchitecture other than what Nature gives us with greatly improved 
performance properties. We could design the wood properties we wanted. 
We have discovered that if you change the chemistry of wood, you change 
its properties and that leads to a change in performance. From this 
foundation, the science of chemical modification of wood was born.” [13] 
 
 
Modification of timber will be studied profoundly in section 3. 
2.2 Timber in connections 
Unless otherwise stated this section is referring to “Design of timber structures, Volume 1” by 
Swedish Wood [3]. 
 
In order to function as a system and transfer loads, different parts such as beams and columns 
need to be connected to one another. By providing connections with various properties, such 
as moment stiffness or hinges, the joints affect the elements and their structural behavior. 
Since connections, i.e. joints, between timber elements demand a lot of time in the production, 
the overall economy is strongly affected by the performance of the joints. There are three 
general groups of timber joints; traditional timber joints, glued joints and dowel-type joints. In 
traditional timber joints the force is transferred through friction, which can be held by direct 
contact of the joint areas. This narrows the scope due to difficulty of transferring tension 
forces in traditional timber joints. The manufacturing of these kinds of joints need to be 
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precise since the fitting is extremely important for the joints to function correctly, which 
means that they are time-consuming and expensive.  
 
The glued joints are an alternative way of connecting structural elements or to build up 
elements, such as LVL or glulam. Although the capacity might be high, glued joints often 
show a brittle behavior. Furthermore, the glued joints demand a controlled environment in 
production, due to the setting process of the glue, since moisture content and temperature 
affect the glue when setting.  
 
The dowel-type joint is the most common fastener (both in Sweden and in the world) used in 
connections in advanced and long spanned timber structures. For dowel-type joints the force 
is transferred through shear in mechanical fasteners attached at an angle (most often 
perpendicular) to the force. Embedding pressure is created against the dowel, when loaded, 
since the dowel is pressing against the timber members which are surrounding the dowel. 
More about the embedment strength can be found in section 4.2.4. Moreover, to ensure a safe 
structure, dowel-type joints can be designed to be ductile and include either following 
members: nails, screws, dowels, nail plates or bolts.  
 
The material used in dowel-type joints is mostly steel. To make the steel more rustproof or to 
harden it, it can be treated to achieve preferred properties. The ultimate strength, fu, and yield 
strength, fy, characterize the steel. Determination of the load carrying capacity of dowel-type 
joints in shear is held by three parameters: 
 
- My, the strength of the dowel represented by the yield moment 
- fh, the embedment strength of the timber 
- Fax, the capacity of the anchorage enabling tensile action in the dowel  
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3 MODIFIED TIMBER 
In this chapter different methods of timber modification will shortly be described as well as 
the most known advantages and drawbacks with each method. Furthermore, a more detailed 
study of acetylated timber will be given.  
 
Due to the current condition of the climate, a rising interest of finding new solutions for 
renewable and non-toxic materials can be seen. The aspiration is to find materials with 
properties that are non-toxic during production, during use and when disposed. Because of 
this timber modification is of renewed interest with a desire to replace toxic chemicals as 
copper, chrome, arsenic and creosote as wood preservation methods [3]. Although 
modification of timber has been studied for over 50 years, it is only during the last decade that 
a significant commercial development has been seen [5]. 
 
Modification of timber is a means of altering the material to improve or to restrict one or more 
drawbacks of the material. For timber the purpose of modification is mostly to bring 
improvement in resistance for biological attack or to gain higher dimensional stability. Callum 
A.S. Hill describes timber modification as: 
 
“The term ‘wood modification’ applies to the application of a process that 
alters the properties of the material such that during the lifetime of a product 
no loss of the enhanced performance of the wood should occur.” [5]  
 
The material properties of timber can be improved by changing the cell wall polymers as well 
as the matrix they are in, which often is a result of different types of timber modification 
methods. The modification methods produce materials which are non toxic and at the end of a 
products life time whiteout any environmental hazard. Modification methods that now are 
known are chemical modification, thermal modification, surface modification and 
impregnation modification. The most commercialized method of chemical modification is 
acetylation and furfurylation. In section 3.1 these modification methods will be studied more 
profoundly.  
 
The difference of this report compared with others about timber modification is when 
analyzing the process of acetylation, the study is all about Scandinavian timber, Scots pine. 
The laboratory tests are carried out to determine the mechanical properties (in structural size) 
which has not been studied before. [3,5] 
3.1 Different types of timber modifications 
Thermal modification is the first modification method described and means that the timber is 
heated to 180 °C - 240 °C for about 10 – 40 hours and is applicable for both soft- and 
hardwood. The modification is done either in presence or absence of oxygen and occasionally 
heated in oil. During the treatment the chemistry of the timber changes by losing mainly 
hemicellulose polymers, resulting in major losses in mechanical properties. The higher the 
temperature, the higher loss in strength of the timber. Studies show that the mechanical 
properties can be reduced by more than 50% in comparison with before treatment. Thermally 
modified timber has a brownish color (see Figure 5) and when exposed to sunlight it turns 
into a greyish color. Another drawback of thermal modification is that the timber becomes 
more brittle and the recommendation is to not use it in loadbearing structures. Benefits with 
this kind of modification is that the timber becomes more resistant against fungi, some 
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increase of decay resistance, improvements in dimensional stability, lower moisture 
absorption and the movements due to moisture changes are less in comparison with untreated 
timber. The area of use is indoor (as for example for floors, bathrooms, sauna and panel) 
respectively outdoor if used above ground level. Outdoors it is suitable as decking and 
cladding. Yet there is no official certification or classification system. Within this thermal 
modification there are currently five concurring processes: [1,3] 
 
- ThermoWood-process (Finland) 
- Plato-process (Netherlands) 
- IWT-method (France) 
- NOW-process (France) 
- Natur-holzschutz (Germany) 
 
 
 
Furfurylation is a chemical modification method of timber where monomeric furfuryl alcohol 
is pressure impregnated into the timber. In chemical terms, the reaction is a polymerization of 
the alcohol which is bulking the cell wall, with or without crosslinking. A permanent swelling 
of the timber occurs after the reaction. The timber is afterwards dried in a vacuum dryer and 
the alcohol cures into the timber at 100 °C. Furfurylation changes the coloration of the timber 
depending on the level of treatment. If treated to a weight gain of 30%, the resulting color is 
dark red to brown whilst the color is more dark brown if treated to 100% (see Figure 6). 
Benefits with furfurylation are improved mechanical properties. The resistance for decay is 
increased, dimensional stability is increased and the final product is harder timber material. 
Compared to untreated timber the equilibrium moisture content is decreased by 30 to 60% for 
furfurylated timber [3]. Another advantage with furfurylated timber is its unique improved 
resistance against acids and lye. Callum A.S. Hill presents in his work that furfurylated timber 
such as pine and cedar, was more successfully protected from microbiological attacks than for 
example furfurylated beech. Additionally, he declares that the problem of increased hardness 
of the timber and the change of color from the inside to the outside is remaining. As 
increasing the level of resin a decrease in impact toughness was found. Moreover, the 
modified tested mediums had drawbacks as not preventing the growth of fungi. On the 
contrary the furfurylated timber did not have a significant impact on the environment in 
service [5]. 
 
Furfurylated timber is commonly used in cladding and decking. Additionally, it can as well be 
used for outdoor furniture [3]. The furfuryl alcohol is produced out of corn cobs or sugar cane 
residues [5], making it a renewable source. The manufacturing of furfurylated timber takes 
Figure 5 - Thermal modified timber. To the left: ThermoWood, to the right: illustrating the 
differences of the color before and after the timber was thermally modified. Source: [12] 
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place in Norway and Lithuania. In the 1960s even USA were producing furfurylated timber 
but the production had to stop caused by the raising of corn prices. The access to furfurylated 
timber is still limited in Sweden [1]. Commercialized product names are Kebony and 
VisorWood [5]. 
 
 
Figure 6 - Furfurylated timber by Kebony. 
 
3.2 Acetylation 
A more profound study of chemical modification of timber with acetic anhydride is performed 
in this section. When modifying timber with acetic anhydride the process is named 
acetylation. Worldwide, acetylation is considered to be the most promising method to enhance 
the properties of timber, both economic and technical qualities [2]. Furthermore, acetylation 
has the longest history out of all chemical modification methods, with studies found back to 
1928 [5].  
 
Acetylation is a single-addition chemical reaction, which means that one acetyl group is on 
one hydroxyl group (OH-group) without polymerization (see equation below) [13], located in 
the cell wall where acetic anhydride reacts with hydroxyl groups to form an ester bond [5].  
 
WOOD-OH + (CH3CO)2O → WOOD-O-COCH3 + CH3COOH  
 acetic anhydride acetylated wood acetic acid 
 
The hydroxyl groups are primarily located on the hemicellulose and lignin polymers, where 
the united acetyl bulks the cell wall causing the timber to swell. The by-product of acetylation 
is acetic acid. However, acetic anhydride may as well react with water, forming acetic acid as 
a by-product likewise. Therefore, the moisture content of the timber whilst reacting is of high 
interest since the reaction between the moisture in the timber (H2O) and the acetic anhydride 
is competing against the reaction between the OH-group on the timber and the acetic 
anhydride. The reaction between the moisture and the acetic anhydride leads to an 
unnecessary use of chemicals. Though, it is positive to have some moisture in the timber since 
this helps the timber to swell and improves the penetration of the acetic anhydride. The 
optimal level of the moisture content is between 5-7% [2]. The acetic anhydride changes light 
woods into darker whilst dark woods are slightly bleached (see Figure 7) [3]. 
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Figure 7 - Acetylated timber. To the left: Accoya. To the right: Various acetylated timber specimens. 
 
3.2.1 Acetylation methods 
Since different methods of acetylation have been studied over the years this following section 
will shortly explain the methods, outturn and main differences, referring to P. Larsson Brelid 
if not otherwise mentioned [2]. In 1947 and 1950 3 mm thick veneers were acetylated with 
acetic anhydride by Stamm and his colleagues. They acetylated the timber both in vapor-
phase and liquid-phase. The catalyst they used was pyridine, which helps the cell wall 
structure to open up and be further susceptible for the acetic anhydride. However, treating the 
timber to 90 °C resulted in an acetyl content of 21%. Depending on the timber being treated, 
the reaction and treating time was from 6 - 12 hours. The acetic anhydride was absorbed 4 
times higher for liquid-phase in relation to the vapor-phase treatment. Sodium acetate, 
dimethyl formamide and zinc chloride are some examples of catalysts which have been used 
over the years. Strength reduction was a clear drawback when using some of these strong 
acids as catalysts.  
 
In 1969, Baird performed the acetylation process (on white pine with 3 mm thick cross 
section) which resulted in 20% of an acetyl content at 130 °C treated in two hours. Under the 
same conditions, he added 15% dimethyl formamide as a catalyst. This resulted in an acetyl 
content of 28%. Henceforth, a catalyst was known as merely reaching higher levels of acetyl 
content. Using both pyridine (as Stamm and his colleagues did) as well as dimethyl 
formamide (as Baird did) resulted in an unpleasant, permanent odor, as the catalysts were 
intensely absorbed to the timber, causing the odor. 
 
Goldstein (1961) published a way of acetylating timber (of lumber thickness) without using a 
catalyst. This was done by a combination of acetic anhydride and xylene. He vacuum/pressure 
impregnated the wood in a treatment using the mixture of acetic anhydride and xylene at 100 - 
130 °C. The mixture was reacting with the wood under pressure. Acetic acid, as a by-product, 
and any excess acetic anhydride were by vapor drying removed from the wood. This process 
was finished by an additional evaporation phase in vacuum. For several years this method of 
acetylating the timber was carried out by the Koppers Co. in Pittsburg on a pilot plant scale. 
Unfortunately, high recovery costs for the solvent desolated this method and the pilot plant 
scale.  
 
Not only acetic anhydride has been used for acetylating of the timber. In 1972, Karlson and 
Svalbe used gaseous ketene for acetylation, which reacted with the wood at 55 - 60 °C during 
6 - 8 hours. They achieved an acetyl content of 19 - 22%. Purely theoretically there is no by-
product using ketene modification. However, ketene modification turned out to give the 
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timber less dimensional stabilization in comparison to using acetic anhydride and 
furthermore, the ketene was problematic to manage. 
 
Kumar and Agarwal (1982) used tioacetic acid in vapor-phase when acetylating timber. They 
treated the wood during six hours and at a temperature of 93 °C. The obtained acetyl content 
was merely 10% and since tioacetic acid is assumed to be a depolymerization agent for lignin 
this method may decrease the strength of the timber.  
 
Rowell et al (1986) propose a simplified procedure for acetylation, which means that only a 
limited amount of acetic anhydride is used during the acetylation treatment. No catalyst is 
used in this simplified procedure. P. Larsson Brelid claims that several researchers have used 
this method when studying acetylated timber. More about this method in section 4.1.1.  
 
3.2.2 Changing the properties of the timber 
Acetylated timber is recognized as having improved biological resistance, lowering the 
moisture content in the wood, being more weather resistant, having highly improved 
dimensional stability as well as some enhancement of the mechanical properties [2]. As 
previously mentioned there are several methods of acetylation resulting in varied 
improvements of the properties depending on the method used.  Aspects affecting the 
resulting product both in a chemical, mechanical and physical manner are the duration of the 
reaction, reaction temperature, initial moisture content, uptake of the acetic anhydride, 
potentially remaining acetic acid in the timber after reaction and the type and amount of 
catalyst. 
 
It is shown that the fiber saturation point is decreased in relation with the increasing degree of 
acetylation level [13], meaning that acetylated timber has a lower tendency to absorb 
moisture. Moreover, R.M. Rowell states that acetylation improves the acoustic properties of 
timber, due to slight increase of the density when acetylating the timber, leading to (nearby 
5% in comparison with untreated timber) reduction of both sound velocity and sound 
absorption. Another advantage of acetylated timber is its improved dimensional stability, 
which is improved by as much as 75% [14]. In general, the mechanical properties of timber 
are enhanced in comparison with untreated timber. Furthermore, acetylation increases 
hardness, fiber stress at proportional limit, wet and dry compressive strength and work to 
proportional limit [15]. The modulus of rupture, for softwoods, is improved but it turns out 
that it is reduced for hardwoods. Besides, further benefits are that acetylated timber during a 
2-year paint study showed an improved painting surface in comparison with untreated timber, 
the resistance of ultraviolet radiation was as well improved. The reason why acetylated timber 
has a higher resistance against biological attack is not yet entirely stated. One assumed aspect 
is its low equilibrium moisture content in relation to untreated timber. A moisture content of 
this level might not reach the required moisture content level for the micro-organism to attack. 
Another aspect may be that the acetylated timber components are not degradable by the fungi 
enzyme. Moreover, regarding the biological resistance, since the hemicellulose is vastly 
replaced in acetylated timber, opinions suggest that reduction in hemicellulose is the main 
element for preventing attack by brown rot fungi [2]. 
 
Conversely, the drawbacks with acetylated timber are a reduction of shear strength parallel to 
the grain and slight decrease in the modulus of elasticity but with no difference in impact 
strength. Adhesive bonding performance is normally reduced and adhesive strength is 
decreased with casein glues and urea-formaldehyde resins. This is due to the surface being 
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more hydrophobic due to the loss of OH-groups when acetylating the timber. To prevent 
degradation of the timber, these by-products must be removed. A complete removal of these 
by-products is virtually impossible. This leads to [15]: 
- timber which permanently will smell of acetic acid 
- acidic conditions present in the wood which catalyze the removal of more acetyl 
groups 
- strength losses over long term due to an acid hydrolysis of cellulose fibers 
- acid corrosion of metal fasteners in timber joints and connection (more about this in 
section 3.2.4). 
 
3.2.3 Commercialization of acetylation 
Acetylated timber in loadbearing construction is already on the market, the company 
producing acetylated timber is Accoya (see Figure 8). Accoya is comprised in The Accsys 
Group with Accsys Technologies PLC as holding company. They have manufacture based in 
Europe and they are using the fast growing softwood Radiata pine mainly as raw material. 
The Radiata pine is sourced from New Zeeland [17]. Accsys is the first company in the world 
to successfully commercialize acetylated timber in loadbearing structures [18]. Accsys 
merchandise their product as being the alternative for tropical hardwoods, plastics, metals and 
concrete. On the product sheet it is stated that the products have several key benefits, an 
outstanding durability being one of them. This is due to that their products last 50 years above 
ground and 25 years in ground [17]. Other benefits are as mentioned above in section 3.2.2. 
However, acetylation of Scandinavian pine has not been tested yet.  
 
 
Figure 8 - Heavy traffic road bridge in The Netherlands by Accoya-wood. (Source: Accoya) 
 
3.2.4 Steel connections and acetylated timber 
As mentioned in section 3.2.2 the by-product of acetylation is acetic acid. Since there are 
some difficulties in removing all the acetic acid from the timber after treatment, an unwanted 
acidic condition is obtained in the timber. This will most likely generate corrosion of the 
metal fasteners used for joints and connections in loadbearing timber structures, such as steel 
plates, dowels, screws, and nails for example. To avoid corrosion, Accoya for example 
recommend the use of corrosion-resistant fixings as high quality stainless steel for their 
acetylated timber [19]. Furthermore, a moisten environmental for base or galvanized metals in 
contact, direct or indirect, with the acetylated timber will most likely corrode. Therefore, if 
stainless steel is not possible, coating the metal with an appropriate sealant, acid-resistant 
coating or other protective layer to avoid corrosion of the fasteners is important [19]. 
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4 LABORATORY TEST 
In this chapter the laboratory tests will be described in detail as well as the performance of 
every test. Furthermore, the material and the testing equipment which has been used will be 
described. The laboratory tests of the provided acetylated timber aim to determine the 
following properties: 
- Density 
- Moisture content 
- Modulus of elasticity 
- Embedment strength (both parallel and perpendicular to the grain) 
- Shear capacity in a connection 
4.1 Specimens and test setup 
Six acetylated timber specimens provided by SP, which approximately measure 1640x130x25 
mm3 (length x width x thickness) were used for the tests (see Figure 9). Before measuring and 
testing the timber specimens, they were planed and each specimen got a number from 1-6 for 
identification. The specimens were kept at its original length when measuring the density and 
modulus of elasticity. For testing of embedment strength (E.S) and shear capacity in a 
connection (S.C) the six samples were each divided according to the figure below. Spacing 
for the saw blade is included in the measurements.  
 
 
Figure 9 - Disposition of the six acetylated specimens. E.S = specimens for embedment strength, S.C = 
specimens for shear capacity, d = dowel diameter. All units in mm. 
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4.1.1 Description of the acetylation process 
The following section refers to “Acetylation of Solid Wood” by P. Larsson Brelid and an 
interview with P. Larsson Brelid, if nothing else is stated.  
 
The timber used in this report was acetylated by P. Brelid Larsson with the microwave pilot 
plant reactor at SP (see Figure 10) and it was Scandinavian pine (Pinus Sylvestris). Materials 
in contact with the acetic anhydride or acetic acid for that matter was made of acid-resistant 
stainless steel. The treatment was performed in the liquid phase and was carried out according 
to simplified procedure, without applying any catalyst or organic cosolvent, and with only a 
limited amount of acetic anhydride. Firstly, the wood was pressure treated during one hour, to 
eliminate air from the cavities in the wood. By eliminating the air, room was made for and the 
addition of the acetic anhydride was easier. After the pressure treatment an impregnation 
under pressure was performed at 10 bar during one to two hours, which is the step where the 
acetic anhydride was applied to the wood. Any excess of the acetic anhydride was removed 
and the wood was heated to 120 – 130 °C to enable a chemical reaction. Afterwards, any 
further excess of acetic anhydride is removed as well with the by-product, acetic acid, by 
applying vacuum while continuing the heating of the wood. Any excess is smelling strongly 
and is corrosive therefore it is handled as a flammable product. Moreover, Pia mentioned that 
the moisture content of the wood before treatment is important as clarified in section 3.2. 
Since the acetic anhydride rather react with the wood than the OH-groups. The resulting 
chemical bonded group in the wood (see 3.2) will not react with hydrogen, thus the improved 
moisture resistance of the acetylated timber is reached.  
 
 
Figure 10 – The microwave pilot plant reactor at SP. 
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In section 3.2.1 the degree of the acetylation of the modified timber was measured in “acetyl 
content”. More commonly, it is often referred to as weight percent gain (WPG) in wood 
modification literature. The WPG proves if a chemical bond was made with the wood cell 
wall polymers by establishing the weight of the wood before and after treatment, see Eq. 1. 
Where Mm is the oven dry mass of the modified wood and Mu is the oven dry mass of the 
unmodified wood [5]. In Table 1 the WPG of each specimen acetylated at SP is shown. The 
mean value of the WPG of the acetylated specimens is 25%.  
 
 𝑊𝑃𝐺 =
𝑀𝑚 − 𝑀𝑢
𝑀𝑢
∙ 100 Eq. 1 
 
Table 1 - Notifications from SP about the WPG in each specimen and their identification code. 
Id-code WPG [%] 
M242 22,9 
M243 25,2 
M254 29,7 
M278 31,5 
M58 18,6 
M68 22,3 
Mean 25 
 
4.1.2 Steel plates and dowels 
All plates and dowels were constructed in steel class S355 with the characteristic yield 
strength of fy = 355 MPa and characteristic ultimate strength fu = 510 MPa. In Table 2 the 
quantities and dimensions of the plates and dowels are specified. For the testing of the 
embedment strength (described further in section 4.2.4) one dowel of each size (12, 16 and 20 
mm) was individually welded onto a steel plate (80x100x12 mm3) as shown in Figure 11. To 
enable the setup of the displacement gauges, small plates were welded at the edge, towards 
the end, of each dowel.  
 
Table 2 - Plates and dowels, dimensions and quantities. 
Dowel, d [mm] Quantity Steel plates [mm3] Quantity 
12 11 80x100x121 3 
16 7 310x100x81 8 
20 9 200x100x81 2 
1 length x width x thickness 
 
Figure 11 - Distribution of plate welded onto dowel for testing of embedment strength. All units in mm. 
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All other plates and dowels specified in Table 2 were used during the test of the shear 
capacity in a connection. Four dowels of diameter 12 mm were used for anchoring of the 
specimen. For a detailed figure of the setup see section 4.2.5. Two dowels of diameter 20 mm 
were used for anchoring the plates to the load cell and the rest for the testing side. Anchoring 
plates had four holes of diameter 13 mm and one of 21 mm for connection to the load cell in 
upper end, see left part of Figure 12. The plates on the testing side had one hole of diameter 
12, 16 and 20 mm respectively and two plates of each diameter were produced, see middle 
part of Figure 12. These plates had one hole of diameter 21 mm as well for anchoring to the 
load cell. Finally, the plates on the right in Figure 12 were used for anchoring the setup 
towards the load cell.  
 
 
Figure 12 - Distribution of plates. Left: anchoring plates, middle: plates on testing side, right: plates 
for anchoring to load cell. All units in mm. 
 
4.2 Description of laboratory tests 
In the following section the performance of the laboratory tests will be described profoundly. 
 
4.2.1 Determination of density 
In order to determine the density of the acetylated pine the measurements of all sides of the 
testing sample were carefully measured in order to calculate the volume, V. Afterwards the 
mass, m, was determined in order to calculate the density, ρ, of the acetylated timber by ρ =
𝑚 𝑉⁄  kg/m3. The density was calculated for all six specimens. To get as accurate 
measurements as possible the length was measured on four points of each board by means of 
a yardstick. Same procedure was made for the width and thickness but a digital vernier caliper 
was used instead. The mean value of these four measurements were to represent the length, 
width respectively the thickness of each specimen.  
 
Furthermore, two pieces of furfurylated timber were provided as well from SP, the density of 
these two was determined the same way as mentioned above.  
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4.2.2 Determination of moisture content 
The moisture content (MC) was determined by taking moisture readings at each timber part 
by means of a 2-pin moisture meter, Testo 606-2 [II]. The MC of the acetylated timber will 
also be determined by the oven dry method [III] as a percentage by mass using Eq. 2. The 
mass of the oven dry test slice will be measured until the mass is constant, afterwards the MC 
will be calculated with m1 being the mass of the timber before drying and m0 being the mass 
of the oven dry timber. The oven dry timber was weighted with a cellular plastic fragment 
underneath to avoid that the heat affects the scale. Mean MC and the standard deviation will 
be presented according to EN 14358 [IV]. 
 
 𝜔 =
𝑚1 − 𝑚0
𝑚0
∙ 100 [%] Eq. 2 
 
4.2.3 Determination of modulus of elasticity 
To evaluate the modules of elasticity (MOE) for the acetylated pine a four pointed bending 
test was performed, see Figure 13. The specimens were simply supported on the ground. The 
force was applied at L/2 and then distributed along a hot formed rectangular hollow section 
(HFRHS) with dimensions 80x80x5 mm3, see Figure 14. To enable this in the lab, it was 
assumed that the the force, F, is equally divided to the two point forces, F1 and F2 by the 
HFRHS. The two point loads were distributed along its length and were placed at L/3 from 
the supports, which means that the distance between the two point loads is L/3 as well. The 
length, L, between the supports was stated to 1500 mm. This test was non destructive and was 
performed about the weak axis of the testing sample. If performed about the strong axis too 
large local deformations of the timber at supports would have occurred, which leads to lower 
modulus of elasticity due to bigger total deformation, including the local deformation at the 
supports.  
 
 
Figure 13 - The four pointed bending test in the lab. 
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The displacement gauge was placed at the location of L/2 from supports and measured vtot, 
see bottom part of Figure 14. The bending test was stopped when the testing sample was 
displaced at a previously determined displacement, approximately 15-20 mm. To calculate the 
deformation at L/2 caused by one point load (not acting in L/2) as the upper part of Figure 14 
shows, Eq. 3 can be used [6]. The superposition principle applies for this equation and 
therefore the total deformation caused by two point loads (see lower part in Figure 14) can be 
calculated with Eq. 4. All in all, there were six test performed, one on each specimen. Mean 
value, standard deviation and characteristic value for the MOE was calculated from the test 
results.  
 
 𝑣𝐿/2 =
𝐹𝑎(3𝐿2 − 4𝑎2)
48𝐸𝐼
 𝑓𝑜𝑟 𝑎 < 𝑏 Eq. 3 
 
𝑣𝑡𝑜𝑡 =
𝐹1𝑎1(3𝐿
2 − 4𝑎1
2)
48𝐸𝐼
+
𝐹2𝑎2(3𝐿
2 − 4𝑎2
2)
48𝐸𝐼
 𝑓𝑜𝑟 𝑎1 < 𝑏1𝑎𝑛𝑑  𝑎2 < 𝑏2 
 
Eq. 4 
 
 
Figure 14 - Load case for the four-point bending test. 
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4.2.4 Determination of embedment strength 
The embedment strength or the embedding strength is an artificial material strength 
parameter. It can be determined by letting a stiff element rest on the inner rim of a hole in a 
piece of timber, see Figure 16 [7]. In EN 383:2007 the embedment strength is defined as 
follows: 
 
“Average compressive stress at maximum load in a piece of timber or wood 
based sheet product under the action of a stiff linear fastener. The 
fastener’s axis is perpendicular to the surface of the timber. The fastener is 
loaded perpendicular to its axis.”[V] 
 
Also the embedment strength can be explained by “the pressure the wood around the dowel 
can sustain”. Determination of the embedment strength was calculated as the maximum force 
applied, 𝐹𝑚𝑎𝑥,𝛼, (where 𝛼 is the angle to the grain) divided by the projected area of the dowel. 
The projected area, A, is determined by the thickness, t, of each timber specimen multiplied 
by the dowel diameter, d, and is measured in MPa, see Eq. 5. Factors affecting the embedment 
strength include the density of the timber, the diameter of the fastener (dowel), the angle 
between the loading direction and the grain, the moisture content of the wood, whether the 
hole is pre-drilled or not and the friction between the timber and the dowel. For regular 
softwood, i.e. not chemically modified, the characteristic embedment strength is determined 
by equation Eq. 6 and Eq. 7, where equation Eq. 6 is whiteout pre-drilling and the diameter of 
the dowel d < 8 mm, and equation Eq. 7 is for pre-drilled holes and all diameters. [3] 
 
 𝑓ℎ,∝ = 𝐹𝑚𝑎𝑥,𝛼 (𝑑 ∙ 𝑡)⁄  Eq. 5 
 𝑓ℎ,0,𝑘 = 0,082𝜌𝑘𝑑
−0,3 Eq. 6 
 𝑓ℎ,0,𝑘 = 0,082(1 − 0,01𝑑)𝜌𝑘 Eq. 7 
 
As shown in Figure 9, 390 mm was dedicated, for each six specimens, for the testing of the 
E.S. Furthermore, it was divided into smaller pieces to enable the testing for both parallel and 
perpendicular to the grain for the three different dowel sizes, see Figure 15. The dowels used 
are 12, 16 and 20 mm and they were each welded to a plate as shown in Figure 11. 
 
 
Figure 15 - Division of the specimens for embedment strength. All units in mm. 
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In the test, the steel plates were loaded through a loading cell. The load and the corresponding 
deformation was measured. The displacement and the total force were logged on a computer 
as different channels for each test in text files. Loading was both parallel and perpendicular to 
the grain, leading to six different tests per specimen (two tests per dowel, one parallel and one 
perpendicular to the grain, and because of three different diameters). All in all, there were 36 
tests done for embedment strength, six per specimen, see Table 3. The thickness, t, of the 
timber should be in the range of 1,5d ≤ t ≤ 4d in order to comply with the principle of the 
test [V]. The test setup for parallel to the grain is shown in the upper part in Figure 16 and for 
perpendicular to the grain in the bottom part in Figure 16. To support the specimens during 
the test two C-beams were attached (on each side of the specimen) and then fastened to a rigid 
ground, see Figure 17. 
 
 
 
 
Figure 16 - Setup for embedment strength test. All units in mm. 
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Table 3 - Number of tests for the E.S. 𝛼 = 0° is loading parallel to grain and 𝛼 = 90° is loading 
perpendicular to grain.  
Dowel diameter 
[mm] 
𝜶 
[𝟎°] 
𝜶 
[𝟗𝟎°] 
Total 
12 6 6 12 
16 6 6 12 
20 6 6 12 
Total 18 18 36 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The stiffness [kN/mm] of the acetylated timber was determined by the inclination of the initial 
linear part of the curves measured from the embedment test diagrams. The stiffness is 
represented by the inclination of the dashed line in Figure 18, as a schematic figure. In more 
detail, two points were observed in every test series and the interval between these observed 
points ought to be linear. For example in the left part of Figure 18 it was from 5 kN to 12 kN 
and in the right part it was from 2 kN to 5 kN. The same procedure was applied for every test 
series, both parallel and perpendicular to the grain, to determine the stiffness. A mean value, 
standard deviation and characteristic value for the embedment strength was calculated for this 
test. However, two displacement gauges measured the deformation, therefore a mean value 
from both gauges represent the displacement shown in the results later on. 
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Figure 18 – Load-deflection-diagrams for embedment strength tests. The dashed lines represent the 
stiffness. To the left: parallel to grain. To the right: perpendicular to the grain. 
Figure 17 - Test setup for embedment strength, C-beams fastened to a rigid ground. 
Parallel to grain Perpendicular to grain 
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4.2.5 Determination of shear capacity in a connection 
To determine the shear capacity of acetylated pine the specimens were tested in a dowel-type 
connection (see right part of Figure 20). As was shown in Figure 9, the specimens were 
divided in smaller pieces and parts marked with “S.C” indicate which timber parts ought to be 
tested for the shear capacity in a connection. Furthermore, Figure 19 shows the quantity made 
of each test and dowel size. As in previous tests dowels with diameter 12, 16 and 20 mm will 
be used. All dowels will approximately be 150 mm in length. A total amount of 18 tests were 
done, six for each dowel size. It is the single dowel (lower part of the specimens) that was to 
be tested. Therefore, two displacement gauges were connected to a rigid ground and L-shaped 
aluminum profiles were screwed on either side of the specimens (see left part of Figure 20). 
All distances to edge, end and between two dowels complies with Eurocode 5, as for example 
the testing dowel was placed 7d from end [I]. 
 
 
Figure 19 - Specimen distribution for the shear capacity in a connection. All units in mm. 
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A loading cell, similar as for the E.S, was used in order to perform the tests. In the upper end 
the sample was anchored according to the left part of Figure 22 and the lower end according 
to the right part. Since the connection is a steel-to-timber type of joint with double shear 
planes, the shear capacity is determined by the smallest value of Eq. 8 - Eq. 9 [3]. Notice that 
these equations are applicable for non modified timber, see Eq. 7 for fh,2,k. Whilst the aim is to 
get failure in the acetylated timber, the anchoring dowels are strong enough in comparison 
with the embedment strength of the wood. Furthermore, Eq. 8 will always give smaller dowel 
capacity than Eq. 9 for this case. To define d and t2 see Figure 21. Since the connection type is 
of two shear planes, Fv,Rk will be multiplied by 2 to obtain the load capacity. 
 
 𝐹𝑣,𝑅𝑘 = 0,5𝑓ℎ,2,𝑘𝑡2𝑑 Eq. 8 
 
𝐹𝑣,𝑅𝑘 = 1,15√2𝑀𝑦,𝑅𝑘𝑓ℎ,2,𝑘𝑑 +
𝐹𝑎𝑥,𝑅𝑘
4
 
Eq. 9 
where 𝑀𝑦,𝑅𝑘 = 0,3𝑓𝑢𝑑
2,6 Eq. 10 
 
Fax,Rk may be neglected for this loading situation. 
 
 
 
 
Figure 20 - To the left: displacement gauges measuring from bottom to L-shaped aluminum profile. 
To the right: setup for the S.C test. All units in mm. 
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Figure 22 - Detailed design of the anchoring end (left figure) and testing end (right figure) in 
connection. All units in mm. 
 
The stiffness of the connection was defined in accordance with Figure 23, replicated after EN 
12512 [VI] which defines the elastic stiffness as the slope of the curve in the two points 
corresponding to the 10% and 40% of the measured maximum force respectively. The loading 
procedure in Figure 24 was followed in accordance to ISO 6891 [VII].  
 
 
Figure 23 - Strength, stiffness and shear capacity as defined according to EN 12512. [VI] 
 
Figure 21 - Double shear planes, steel-to-timber joint. (Source: Swedish Wood) 
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Figure 24 - Loading procedure according to ISO 6891. [VII] 
 
The two displacement gauges and the total force were logged on a computer as different 
channels for each test in text files. A mean value, standard deviation and characteristic values 
for the behavior of the connection was calculated for this test. As two displacement gauges 
measured the deformation, a mean value from both gauges represent the displacement shown 
in the results later on. 
 
4.3 Testing equipment 
4.3.1 Load cell 
The load cell used for testing the embedment strength and shear capacity in a connection is a 
MTS, see Figure 25. It measures load and movement of the grip head. For further technical 
information see Table 4 [8].  
 
 
Figure 25 - The MTS testing equipment. 
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Table 4 - Technical data for load cell. [8] 
MTS 661.23F-0I 
Force capacity 500 kN 
Spring rate 6,2∙106 N/mm 
Diameter 152 mm 
Length 203 mm 
 
4.3.2 Displacement gauges 
The displacements were registered by means of one or two (depending on test) linear variable 
displacement transducers (LVDTs), SLPS100 D5K 3M, (see Figure 26). Technical data for 
the LVDTs is seen in Table 5. All LVDTs were fixed to a rigid ground during tests. 
Table 5 - Technical data for LVDTs. [8] 
SLPS100 D5K 3M 
Measurement stroke 10 100 mm 
Linearity ± 0, 005% 
Repeatability < 0, 01 mm 
Resolution infinite 
Resistance 5 kOhm 
Resistance tolerance ±20% 
 
  
Figure 26 – LVDTs registering the displacement. 
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5 RESULTS 
In the following, the results achieved in this report will be presented in this chapter. Individual 
results for each specimen can be seen in chapter 10. 
5.1 Testing results 
The mean values, standard deviation and characteristic values in the following sections are 
calculated according to EN 14358 [IV]. The standard deviation is presented in percentage and 
is the ratio between the standard deviation according to EN 14358 and the mean values. 
 
5.1.1 Density 
As described, the density of the acetylated Scandinavian pine was evaluated according to 
section 4.2.1. Results of each specimen (1-6), mean density, standard deviation and 
characteristic values (both normally distributed and logarithmically normally distributed) are 
shown in Table 6. Furthermore, the density of the two furfurylated timber pieces provided 
were determined to 696 kg/m3 and 719 kg/m3 and the mean density was 707 kg/m3.  
 
Table 6 - Density of each specimen, mean density, standard deviation and characteristic values. 
Specimen nr. Density [kg/m3] 
1 613 
2 637 
3 656 
4 549 
5 634 
6 619 
Mean 618 
Stdev [%] 6,0 
5-percentile1 531 
5-percentile2 533 
95-percentile1 705 
95-percentile2 714 
 
1 Normally distributed 
2 Logarithmically normally distributed 
 
5.1.2 Moisture content 
The moisture content was measured according to section 4.2.2. The instrument used (Testo 
606-2) could not measure the acetylated timber because of its low moisture contents. 
Therefore, a determination by oven dry method was applied [III]. Results for the MC of the 
acetylated pine is shown in Table 7. The MC of the furfurylated timber were determined (by 
means of a 2-pin moisture meter) to a mean value of 8,5%. The ambient air had a temperature 
of 22 °C and with a RH of 56%. Worth mentioning is that the 2-pin moisture meter is 
calibrated for unmodified wood which implicates that the results might not be true.  
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Table 7 - Moisture content of each specimen, mean value, standard deviation and CoV. 
Specimen m11 [g] m02 [g] 𝝎3 [%] 
1 a 16,85 16,05 5,0 
b 10,46 9,98 4,8 
2 a 18,73 17,77 5,4 
b 15,77 14,97 5,3 
3 a 18,12 17,17 5,5 
b 16,16 15,44 4,7 
4 a 14,84 14,24 4,2 
b 12,22 11,60 5,3 
5 a 13,22 12,57 5,2 
b 21,63 20,67 4,6 
6 a 10,29 9,83 4,7 
b 10,05 9,60 4,7 
Mean  5,0 
Stdev [%]  8,0 
CoV [-]  0,155 
 
1 m1 is the mass of the test slice before drying 
2 m0 is the mass of the oven dry test slice after 166 hours 
3 𝜔 is the moisture content 
 
5.1.3 Modulus of elasticity 
The results of the four pointed bending test are shown in Table 8. The deformation is linear to 
the force applied to the specimen, therefore the MOE can be evaluated for the different 
specimens according to Eq. 4. The results are presented in a force-displacement response 
diagram in Figure 27. Eventual torsion of the HFRHS is neglected and the moment of inertia 
of the HFRHS was assumed to be high enough in comparison with the timber in order to not 
have any influence on the outcome. Therefore, the total force applied to the HFRHS is 
assumed to be transferred 100% to the timber, 50% respectively by F1 and F2 (see Figure 14). 
 
Table 8 - Modulus of Elasticity for acetylated pine, mean MOE, standard deviation and characteristic 
values. 
Specimen nr. MOE [GPa] 
1 14,3 
2 15,2 
3 16,9 
4 10,6 
5 17,5 
6 14,8 
Mean 14,9 
Stdev [%] 16,2 
5-percentile1 9,2 
5-percentile2 9,8 
95-percentile1 20,5 
95-percentile2 22,5 
 
1 Normally distributed 
2 Logarithmically normally distributed 
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Figure 27 - Force and displacement response, showing the lowest and highest measured value of the 
MOE. Lowest = 10 GPa, highest = 17 GPa. 
 
5.1.4 Embedment strength 
The results for the embedment strength will be presented in following section, starting with 
dowel size 12 mm, followed by 16 and 20 mm diameter. Results for both loading parallel and 
perpendicular to the grain will be shown for each dowel size. If an initial crack or split was 
found in the specimens before testing, a screw was inserted, with a predrilled hole, in order to 
achieve results without any imperfections. The screw was inserted in a way that, hopefully, 
would not affect the results of the embedment strength, see Figure 28. This reinforcement 
with screws was only made for the test with loading parallel to the grain. Since the test with 
loading perpendicular to the grain was performed first for every specimen, the screw was 
inserted after this test and before testing parallel to the grain. In Figure 29 a schematic figure 
during testing is seen. The velocity for this test was 0,1 mm/s for loading perpendicular to the 
grain and 0,02 mm/s for loading parallel to the grain. 
   
 
 
 
 
 
 
 
 
 
Figure 28 – To the left: Schematic figure of how the screw was inserted if an initial crack was present. 
The screw was 55 mm long. To the right: Picture of the acetylated timber with a screw inserted.  
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Figure 29 - During embedment strength tests. 
 
5.1.4.1 Loading parallel to the grain and 12 mm dowel   
In Table 9 the results for embedment strength parallel to the grain for dowel diameter 12 mm 
are presented as maximum load Fmax,0, embedment strength fh,0, stiffness as well as failure 
mode. In Figure 30 the results are shown in a stress-displacement response diagram. The 
initial linear part of the curve was seen between 5 to 12 kN in this series, see section 10.1.1. 
Figure 31 shows cracking of one of the specimens during tests.  
 
Table 9 - Testing series of dowel diameter 12 mm, loaded parallel to the grain, with maximum force, 
Fmax,0,  embedment strength, fh,0, stiffness and failure mode. 
Specimen nr. 𝐅𝐦𝐚𝐱,𝟎 [kN] 𝒇𝐡,𝟎 [MPa] Stiffness [kN/mm] Failure mode 
1E12p 17,18 61,76 17,39 Cracking 
2E12p 17,36 62,43 23,25 Cracking 
3E12p 20,54 73,69 26,11 Embedment failure 
4E12p 15,06 53,33 21,02 Embedment failure 
5E12p 18,17 64,94 43,55 Cracking 
6E12p 20,60 74,03 39,04 Embedment failure 
Mean 18,15 65,03 28,39  
Stdev [%] 11,8 12,1 36,9  
5-percentile1 13,14 46,56 3,81  
5-percentile2 13,65 48,42 11,59  
95-percentile1 23,16 83,50 52,98  
95-percentile2 23,86 86,26 62,34  
 
1 Normally distributed 
2 Logarithmically normally distributed 
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Figure 30 - Stress parallel to the grain for dowel diameter 12 mm. 
 
 
Figure 31 - Testing parallel to the grain, cracking as a failure mode. 
 
5.1.4.2 Loading perpendicular to the grain and 12 mm dowel   
In Table 10 the results for embedment strength perpendicular to the grain for dowel diameter 
12 mm are presented as maximum load Fmax,90, embedment strength fh,90, stiffness as well as 
failure mode. In Figure 32 the results are shown in a stress-displacement response diagram. 
The initial linear part of the curve was seen between 2 to 5 kN in this series, see section 
10.1.1. Figure 31 shows cracking of one of the specimens during tests. Figure 33 shows one 
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of the specimens when testing perpendicular to the grain. Specimens tested with dowel 
diameter 12 mm, after testing both parallel and perpendicular to the grain, can be seen in 
Figure 34.  
 
Table 10 - Testing series of dowel diameter 12 mm, loading perpendicular to the grain, with maximum 
force, Fmax,90,  embedment strength, fh,90, stiffness and failure mode. 
Specimen nr. 𝐅𝐦𝐚𝐱,𝟗𝟎 [kN] 𝒇𝐡,𝟗𝟎 [MPa] Stiffness [kN/mm] Failure mode 
1E12v 9,89 35,57 4,85 Embedment failure 
2E12v 15,00 53,96 5,50 Embedment failure 
3E12v 10,67 38,27 3,35 Embedment failure 
4E12v 7,99 28,29 4,35 Embedment failure 
5E12v 8,26 29,50 5,31 Embedment failure 
6E12v 10,45 37,54 6,38 Embedment failure 
Mean 10,38 37,19 4,96  
Stdev [%] 24,4 24,7 21,0  
5-percentile1 4,45 15,62 2,52  
5-percentile2 5,97 21,15 2,89  
95-percentile1 16,30 58,76 7,40  
95-percentile2 17,26 62,43 8,19  
 
1 Normally distributed 
2 Logarithmically normally distributed 
 
 
Figure 32 - Stress perpendicular to the grain for dowel diameter 12 mm. 
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Figure 33 - Testing perpendicular to the grain. 
 
 
Figure 34 - Specimens after testing, dowel size 12 mm. Upper row (left to right) specimen 1-3, lower 
row (left to right) specimen 4-6. 
 
5.1.4.3 Loading parallel to the grain and 16 mm dowel   
In Table 11 the results for embedment strength parallel to the grain for dowel diameter 16 mm 
are presented as maximum load Fmax,0, embedment strength fh,0, stiffness as well as failure 
mode. In Figure 35 the results are shown in a stress-displacement response diagram. The 
initial linear part of the curve was seen between 5 to 16 kN in this series, see section 10.1.2. 
Figure 31 shows cracking of one of the specimens during tests.  
 
 
 
 
d=12 mm 
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Table 11 - Testing series of dowel diameter 16 mm, parallel to the grain, with maximum force, Fmax,0,  
embedment strength, fh,0, stiffness and failure mode. 
Specimen nr. 𝐅𝐦𝐚𝐱,𝟎 [kN] 𝒇𝐡,𝟎 [MPa] Stiffness [kN/mm] Failure mode 
1E16p 21,39 57,67 33,59 Embedment failure 
2E16p 24,54 66,19 44,56 Cracking 
3E16p 26,52 71,35 58,09 Embedment failure 
4E16p 18,89 50,42 25,09 Embedment failure 
5E16p 24,50 65,66 50.08 Embedment failure 
6E16p 24,90 67,12 33,91 Embedment failure 
Mean 23,46 63,03 40,89  
Stdev [%] 11,9 12,2 29,9  
5-percentile1 16,92 44,97 12,27  
5-percentile2 17,40 46,29 19,10  
95-percentile1 29,99 81,09 69,51  
95-percentile2 31,22 84,67 81,01  
 
1 Normally distributed 
2 Logarithmically normally distributed 
 
 
Figure 35 - Stress parallel to the grain for dowel diameter 16 mm. 
 
5.1.4.4 Loading perpendicular to the grain and 16 mm dowel   
In Table 12 the results for embedment strength perpendicular to the grain for dowel diameter 
16 mm are presented as maximum load Fmax,90, embedment strength fh,90, stiffness as well as 
failure mode. In Figure 36 the results are shown in a stress-displacement response diagram. 
The initial linear part of the curve was seen between 2 to 6 kN in this series, see section 
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10.1.2. Figure 37 presents the specimens tested with dowel diameter 16 mm after testing both 
parallel and perpendicular to the grain. 
 
Table 12 - Testing series of dowel diameter 16 mm, perpendicular to the grain, with maximum force, 
Fmax,90,  embedment strength, fh,90 stiffness and failure mode. 
Specimen nr. 𝐅𝐦𝐚𝐱,𝟗𝟎 [kN] 𝒇𝐡,𝟗𝟎 [MPa] Stiffness [kN/mm] Failure mode 
1E16v 10,38 27,98 4,16 Embedment failure 
2E16v 15,76 42,51 6,66 Embedment failure 
3E16v 12,52 33,67 6,21 Embedment failure 
4E16v 8,65 22,97 4,16 Embedment failure 
5E16v 8,00 21,44 5,17 Embedment failure 
6E16v 12,40 33,42 5,89 Embedment failure 
Mean 11,28 30,33 5,37  
Stdev [%] 25,5 25,9 19,7  
5-percentile1 4,54 11,94 2,89  
5-percentile2 6,05 16,10 3,28  
95-percentile1 18,02 48,73 7,86  
95-percentile2 19,93 54,06 8,51  
 
1 Normally distributed 
2 Logarithmically normally distributed 
 
 
Figure 36 - Stress perpendicular to the grain for dowel diameter 16 mm. 
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Figure 37 - Specimens after testing, dowel size 16 mm. Upper row (left to right) specimen 1-3, lower 
row (left to right) specimen 4-6. 
 
5.1.4.5 Loading parallel to the grain and 20 mm dowel   
In Table 13 the results for embedment strength parallel to the grain for dowel diameter 20 mm 
are presented as maximum load Fmax,0, embedment strength fh,0, stiffness as well as failure 
mode. In Figure 38 the results are shown in a stress-displacement response diagram. The 
initial linear part of the curve was seen between 5 to 14 kN in this series, see section 10.1.3.  
 
Table 13 - Testing series of dowel diameter 20 mm, parallel to the grain, with maximum force, Fmax,0,  
embedment strength, fh,0, stiffness and failure mode. 
Specimen nr. 𝐅𝐦𝐚𝐱,𝟎 [kN] 𝒇𝐡,𝟎 [MPa] Stiffness [kN/mm] Failure mode 
1E20p 24,00 51,76 38,15 Cracking 
2E20p 33,31 71,87 71,97 Cracking 
3E20p 29,26 62,98 80,89 Embedment failure 
4E20p 26,41 56,11 41,71 Embedment failure 
5E20p 24,60 52,74 34,90 Embedment failure 
6E20p 26,82 57,82 27,66 Cracking 
Mean 27,40 58,88 49,21  
Stdev [%] 12,5 12,8 44,2  
5-percentile1 19,34 41,26 -1,80  
5-percentile2 20,50 43,87 16,88  
95-percentile1 35,46 76,51 100,23  
95-percentile2 36,16 78,02 123,00  
 
1 Normally distributed 
2 Logarithmically normally distributed 
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Figure 38 - Stress parallel to the grain for dowel diameter 20 mm. 
 
5.1.4.6 Loading perpendicular to the grain and 20 mm dowel   
In Table 14 the results for embedment strength perpendicular to the grain for dowel diameter 
20 mm are presented as maximum load Fmax,90, embedment strength fh,90, stiffness as well as 
failure mode. In Figure 39 the results are shown in a stress-displacement response diagram. 
The initial linear part of the curve was seen between 2 to 6 kN in this series, see section 
10.1.3. Figure 40 presents the specimens tested with dowel diameter 20 mm after testing both 
parallel and perpendicular to the grain. 
 
Table 14 - Testing series of dowel diameter 20 mm, perpendicular to the grain, with maximum force, 
Fmax,90,  embedment strength, fh,90, stiffness and failure mode. 
Specimen nr. 𝐅𝐦𝐚𝐱,𝟗𝟎 [kN] 𝒇𝐡,𝟗𝟎 [MPa] Stiffness [kN/mm] Failure mode 
1E20v 11,56 24,94 6,48 Embedment failure 
2E20v 16,19 34,94 8,96 Embedment failure 
3E20v 14,39 30,98 6,73 Embedment failure 
4E20v 10,05 21,36 5,44 Embedment failure 
5E20v 9,79 20,99 7,16 Embedment failure 
6E20v 11,78 25,39 8,60 Embedment failure 
Mean 12,29 26,43 7,23  
Stdev [%] 20,5 20,8 18,4  
5-percentile1 6,39 13,52 4,10  
5-percentile2 7,60 16,16 4,61  
95-percentile1 18,20 39,35 10,35  
95-percentile2 19,26 41,75 11,02  
 
1 Normally distributed 
2 Logarithmically normally distributed 
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Figure 39 - Stress perpendicular to the grain for dowel diameter 20 mm. 
 
 
 
Figure 40 - Specimens after testing, dowel size 20 mm. Upper row (left to right) specimen 1-3, lower 
row (left to right) specimen 4-6. 
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5.1.5 Shear capacity in a connection 
In the following, the results for the shear capacity in a connection will be presented, starting 
with dowel size 12 mm, followed by 16 and lastly 20 mm diameter. Figure 41 shows the test 
setup and how the clamps were attached for preventing a opening of the connection during 
testing. The velocity for this test was 0,05 mm/s for all dowel sizes. The force was applied as 
described in section 4.2.5, see Figure 24. Therefore, Fest was calculated before testing 
according to Eq. 8 and Eq. 9. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In Table 15 the results are presented for dowel diameter 12 mm as shear capacity, bearing 
stress and stiffness of the connection. A mean value, standard deviation and characteristic 
values of the six specimens was calculated and presented as well in the table below. In Figure 
42 a force-displacement response diagram is shown. 
 
Table 15 - Testing series for dowel diameter 12 mm, with shear capacity, bearing stress and stiffness. 
Specimen nr. Shear capacity [kN] Bearing stress [MPa] Stiffness [kN/mm] 
4T12a1 13,68 49,57 26,48 
4T12b1 13,90 50,36 16,91 
4T12c1 13,79 49,96 19,80 
5T12a1 13,70 49,60 13,30 
5T12b1 11,23 40,70 7,14 
5T12c1 15,96 57,81 13,66 
Mean 13,71 49,67 16,22 
Stdev [%] 10,9 10,9 40,5 
5-percentile2 10,19 36,94 0,81 
5-percentile3 10,49 38,00 5,30 
95-percentile2 17,22 62,39 31,62 
95-percentile3 17,74 64,26 42,58 
 
1 The failure mode is row shear in lower testing part 
2 Normally distributed 
3 Logarithmically normally distributed 
Figure 41 - Test setup for shear capacity test in connection. Right figure shows attachment of the 
clamps. 
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Figure 42 -  Applied force and displacement for dowel diameter 12 mm. 
 
In Table 16 the results are presented for dowel diameter 16 mm as shear capacity, bearing 
stress and stiffness of the connection. A mean value, standard deviation and characteristic 
values of the six specimens was calculated and presented as well in the table below. In Figure 
43 a force-displacement response diagram is shown. 
 
Table 16 - Testing series for dowel diameter 16 mm, with shear capacity, bearing stress and stiffness. 
Specimen nr. Shear capacity [kN] Bearing stress [MPa] Stiffness [kN/mm] 
3T16a1 18,63 50,63 22,60 
3T16b1 21,30 57,88 30,76 
3T16c1 21,47 58,34 29,15 
6T16a1 17,94 48,76 23,34 
6T16b1 19,30 52,44 17,18 
6T16c1 14,60 39,69 18,05 
Mean 18,87 51,29 23,51 
Stdev [%] 13,4 13,4 23,7 
5-percentile2 12,95 35,19 10,46 
5-percentile3 13,44 36,53 13,12 
95-percentile2 24,80 67,39 36,56 
95-percentile3 26,08 70,86 40,18 
 
1 The failure mode is row shear in lower testing part  
2 Normally distributed 
3 Logarithmically normally distributed 
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Figure 43 - Applied force and displacement for dowel diameter 16 mm. 
 
In Table 17 the results are presented for dowel diameter 20 mm as shear capacity, bearing 
stress and stiffness of the connection. A mean value, standard deviation and characteristic 
values of the six specimens was calculated and presented as well in the table below. In Figure 
44 a force-displacement response diagram is shown. 
 
Table 17 - Testing series for dowel diameter 20 mm, with shear capacity, bearing stress and stiffness. 
Specimen nr. Shear capacity [kN] Bearing stress [MPa] Stiffness [kN/mm] 
1T20a1 19,32 41,99 22,78 
1T20b1 16,06 34,90 23,71 
1T20c1 13,09 28,46 17,14 
2T20a1 25,05 54,45 25,68 
2T20b1 22,30 48,47 29,52 
2T20c2 18,41 40,01 16,53 
Mean 19,04 41,38 22,56 
Stdev [%] 22,5 22,5 22,2 
5-percentile3 9,01 19,59 10,83 
5-percentile4 10,83 23,54 12,93 
95-percentile3 29,06 63,17 34,30 
95-percentile4 32,04 69,65 37,74 
 
1 The failure mode is row shear in lower testing part 
2 The failure mode is row shear in upper anchoring part 
3 Normally distributed 
4 Logarithmically normally distributed 
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Figure 44 - Shear force and displacement for dowel diameter 20 mm. 
 
The failure mode for 94,4% of the specimens was row shear in the testing (lower) part, see 
left part in Figure 45. As described above, the aim was, and the test was constructed to, get 
failure in the lower part. This was achieved by following the Eurocode 5 for distances from 
end, edge and between two dowels. As mentioned previously, the standards are for 
unmodified timber and possibly thereby other results were gained. One specimen, 2T20c, 
(5,6%) had a failure mode in the upper anchoring part, see right part in Figure 45. 
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Figure 45 - Left part: The failure mode is row shear in testing part. Right figure: The failure mode is 
row shear in anchoring part. 
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6 DISCUSSION 
The results presented in chapter 5 will subsequently be analyzed and discussed. In order to 
evaluate the most suitable distribution for the characteristic values (5-percentile) more 
replications must be done for noticing a tendency. A more accurate result may as well be held 
by expanding the number of replications made in each test. Possibly deviation has less impact 
on the results as well if expanding the number of replications.  
6.1 Density 
The test resulted in a mean density of 618 kg/m3 and a characteristic density of 531 kg/m3 
respectively 533 kg/m3 (normally distributed and logarithmically normally distributed 
respectively) for the acetylated Scandinavian pine. To compare the results, for example 
Accoya states that acetylated Radiata pine has a characteristic density of 510 kg/m3 [19]. 
Comparing this, Accoya’s density is 4% lower in relation to measured characteristic density 
of acetylated Scandinavian pine. Accoya further claims that working with Accoya’s wood is 
equivalent to other denser softwoods, as for example Southern Yellow Pine (SYP). The 
Radiata pine, as well as with the SYP, is more permeable and therefore easier to acetylate and 
is not as time consuming as acetylating Scandinavian pine [21], due to the ease of pressuring 
the acetic anhydride into the cell walls of the permeable Radiata pine and SYP. Moreover, the 
corresponding values for unmodified structural timber (C24) are 420 kg/m3 as mean density 
and 350 kg/m3 as a characteristic density [6]. In comparison with the acetylated Scandinavian 
pine as tested, the characteristic density has increased by 52% from an unmodified stage to a 
modified stage, given that the provided acetylated timber was C24 before modification, which 
was not known. It is not surprising that the density of the acetylated pine has increased when 
modified due to the weight of the added acetyl groups.  
 
The mean value of the weight percent gain (WPG) was determined to 25%. If assuming that 
the mean density (618 kg/m3) can characterize the mean Mm (modified timber mass, even 
though it should be oven dry) for one m3. Then the mean Mu (unmodified timber mass) can be 
calculated with Eq. 1 and was determined to 494 kg for one m3 (not oven dry), indicating that 
the timber had a somewhat high density even before acetylation. Even though it is rather 
erroneous since the mass is not oven dry but the calculated mean value of the WPG (25%) 
was. It is commonly known that when acetylating the heartwood, a WPG of 15-20% is 
obtained, compared with sapwood which can have a WPG of 20-25% [21], leading to a 
dimensional difference for the timber when swelling. 
 
Regardless of the strength class for the acetylated timber before modification the density has 
increased and the mean WPG is 25%, this is enough to increase the dimensional stability by 
70-80%. If performing more replications any possible deviation in the measuring data do not 
have the same impact on the results. Determination and evaluation of the correct mean and 
characteristic density for a general case of acetylated timber is of great interest, as to correctly 
determine the characteristic density is of importance to avoid misleading expectation of both 
load-carrying capacity and failure mode [20]. 
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6.2 Moisture content 
To determine the MC by means of a 2-pin moisture meter was not possible. Therefore, only a 
result from the oven dry method was gained for the acetylated Scandinavian pine. The mean 
MC was 5%. This is not a surprisingly low result since when acetylating, acetic anhydride 
reacts with OH-groups in the call wall and forms an ester bond.  This means that the resulting 
bonded group in the wood will not react with hydrogen, and this is why acetylated timber has 
a decreased equilibrium MC. However, the coefficient of variation (CoV) for the oven dry 
method is small, meaning that all the specimens almost hade the same MC and the variance 
was low between the measured data. Thereby, no significant variation of the MC was found 
within the specimens which could have affected the results. To compare with other acetylated 
timber species, the equilibrium moisture content for Accoya wood is 3-5% (65% Relative 
Humidity, 20 °C) [19]. Notice that there is a difference of the environmental temperature, 
relative humidity and in wood quality of the compared results and therefore this comparison is 
only indicative.  
6.3 Modulus of elasticity 
When calculating the MOE for the acetylated timber assumptions regarding the moment of 
inertia, eventual torsion and transmission of the force for the HFRHS was made. Since steel is 
much stiffer than timber, these assumptions may be seen as acceptable and do not affect the 
results in this situation. The mean MOE for the acetylated Scandinavian pine was calculated 
to 14,9 GPa, where the lowest value was 10,6 GPa and the highest 17,5 GPa. As usually with 
timber the variance between the specimens is high. The characteristic value was determined to 
9,2 GPa respectively 9,8 GPa (for normally distributed and logarithmically normally 
distributed respectively). A comparison was made with the mean MOE for unmodified 
structural timber. The mean MOE values vary between 7,0 – 14,0 GPa (C14-C40) [6]. For 
C24 the mean MOE is 11,0 GPa. Hypothetically, if the acetylated pine was C24 before 
testing, it has increased its mean MOE by 35%. Such increase of the MOE means that the 
timber became stiffer when acetylated. When having a stiffer material, a more brittle failure 
can be seen. The same tendency applies for the characteristic MOE, where 7,4 GPa is valid 
for C24 and for the acetylated timber it was 9,2 GPa (normal distribution), an increase by 
24%. The results deviate a bit from the literature study made, where a decrease in MOE was 
seen for acetylated timber [15]. 
 
The results of the test were compared and analyzed together with similar tests found in the 
literature for acetylated wood (note, not Scandinavian pine). A study on Radiata pine showed 
that the MOE decreased slightly due to treatment [24]: a decrease in MOE by 3% was seen, to 
8,8 GPa (mean value) after acetylation. This is to be compared with the mean MOE attained 
from the tests, 14,9 GPa. The specimens tested in this report is known to be only sapwood, 
which may not be the case for the test set-up in the mentioned article. Additionally, it was 
stated that acetylation of the Radiata Pine in the article, in a structural size, probably was not 
significantly influencing the MOE negatively. Most probably the acetylation of Scandinavian 
pine shows the same results. A more profound study with more replicates is still necessary for 
more accurate results.  
 
Moreover, another article tested Accoya wood and showed that the mean MOE was 11,3 GPa 
and the characteristic MOE was 8,3 GPa [23]. If comparing with the MOE of the acetylated 
Scandinavian pine, a higher MOE was attained both for mean value and characteristic value 
when testing the acetylated Scandinavian pine.  
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6.4 Embedment strength 
A summary of the mean value of the embedment strength, standard deviation and 
characteristic values (for normally distributed and logarithmically normally distributed 
respectively) can be seen in Table 18. It is important to mention that the standards applied in 
this test were adjusted for untreated wood. Therefore, the characteristic values may have a 
deviated behavior, since the acetylated timber may not behave in the same way as untreated 
timber.  
 
Table 18 - Summary of the mean embedment strength 𝑓ℎ,𝛼 , standard deviation for the embedment 
strength and characteristic values (both parallel and perpendicular to the grain). 
Dowel diameter 
[mm] 
𝜶  
[°] 
Mean of 𝒇𝒉,𝜶  
[MPa] 
Stdev 
[%] 
5-percentile1 
[MPa] 
5-percentile2 
[MPa] 
12  
0 
65,0 12,1 46,6 48,4 
16 63,0 12,2 45,0 46,3 
20 58,9 12,8 41,3 43,9 
12  
90 
 
37,2 24,7 15,6 21,2 
16 30,3 25,9 11,9 16,1 
20 26,4 20,8 13,5 16,2 
1 Normally distributed 
2 Logarithmically normally distributed 
 
According to the standards the thickness, t, of the timber should be in the range of 1,5d ≤ t ≤ 
4d. As the thickness for the timber was 25 mm the requirement was fulfilled for diameter 12 
and 16 mm. On the contrary the diameter 20 mm is out of range and therefore the requirement 
is not satisfied. This may lead to further deviated behavior and discrepant behavior for the 
results for dowel diameter 20 mm. In Table 18 the mean embedment strength and 5-percentile 
is slightly lower for dowel d=20 mm, both for loading parallel and perpendicular to the grain. 
An exception is the test loaded perpendicular to the grain and logarithmically normally 
distributed 5-percentile value, which is lowest for dowel diameter 16 mm. The mean values of 
the E.S are more scattered for loading perpendicular to the grain than compared to loading 
parallel to the grain.  
 
The tested characteristic E.S for, for example, dowel diameter 12 mm (parallel to the grain) 
was determined to approximately 47 MPa (normal distributed). If calculating the 
characteristic E.S with Eq. 7, using the characteristic density of 531 kg/m3 (also normal 
distributed), the results is 38 MPa (using the equation for pre-drilled holes). The calculated 
results for all test series can be seen in Table 19. For the case parallel to the grain the 
calculated characteristic E.S is lower than the tested characteristic E.S for all three dowel 
sizes, indicating that the codes are applicable for characteristic embedment strength parallel to 
the grain. Conversely, for testing perpendicular to the grain the calculated characteristic E.S is 
higher than the results gained from the tests performed. In Table 19 a comparison to structural 
timber of strength C24 and C30 was made. Due to the higher characteristic density of the 
acetylated timber the calculated characteristic E.S is always higher than for the structural 
timber compared.  
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Table 19 - Calculated characteristic embedment strength using characteristic density for acetylated 
timber and for structural timber C24 and C30. 
Characteristic embedment strength 𝒇𝒉,𝜶,𝒌  
Dowel diameter 
[mm] 
𝜶  
[°] 
Acetylated Scandinavian pine 
[MPa] 
C24 
[MPa] 
C30 
[MPa] 
12  
0 
38,3 25,3 27,4 
16 36,6 24,1 26,2 
20 34,8 23,0 24,9 
12  
90 
 
25,0 16,8 17,9 
16 23,0 15,2 16,5 
20 21,1 13,9 15,1 
 
Almost every test performed perpendicular to the grain had an embedment failure, whereas 
approximately only half of the tests performed parallel to the grain had an embedment failure 
and the rest had a failure mode of cracking. These failure modes were expected since when 
loading parallel to the grain the dowel works as a wedge creating tension perpendicular to the 
grain in the timber, leading to a crack and a brittle failure. On the contrary, when loading 
perpendicular to the grain this phenomenon does not exist and therefore almost all of the 
failure modes had an embedment failure.  
 
Five specimens were reinforced with a screw before tested parallel to the grain since they had 
an initial crack. For dowel size 12 mm only one specimen (2E12p) was reinforced. The results 
showed that the E.S for this specimen (62,4 MPa) was close to the mean value (see Table 18). 
In Figure 46 the response for 2E12p is shown. It appears that the specimen first had a crack 
failure but after about 1,7 mm of deformation the screw was contributing and the failure mode 
was more plasticized and similar to embedment failure.  
 
 
Figure 46 - Stress and deformation response for specimen 2E12p. 
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For dowel diameter 16 mm, two specimens (4E16p and 5E16p) were reinforced and had an 
E.S of 50,4 MPa respective 65,7 MPa, see Figure 47. It may be that the reinforcement for 
specimen 4E16p was not effective enough, since this specimen had the lowest E.S in the 
testing series. The mean E.S for 16 mm (parallel to grain) was 63 MPa. Failure mode of these 
two were more similar to an embedment failure than a crack failure. Though, a small loss of 
strength was seen for 5E16p just before 1,4 mm deformation. Two specimens (1E20p and 
5E20p) were reinforced for the test series with dowel diameter 20 mm. Here the two 
reinforced specimens had the lowest E.S for the testing series, and one may assume that the 
reinforcement was not effective at all, or just slightly. 
 
 
 
A deviated behavior was noticed for the specimen named 4E20v (diameter 20 mm and 
perpendicular to the grain loading). It indicated to be a shear crack and the upper part of the 
specimen was slightly twisted and the cracks were inclining, see Figure A. 77 in the appendix. 
The E.S for this result was the second lowest in the test series with 21,4 MPa. The reason for 
the different failure mode may be the thickness of the timber which was not in the range for 
this dowel diameter or that the force was not applied parallel to the surface of the timber.  
 
A summary of mean stiffness, standard deviation and characteristic values can be seen in 
Table 20. The stiffness for loading parallel to the grain is more scattered in comparison with 
loading perpendicular to the grain. Since the standard deviation for the test with dowel size 20 
mm parallel to the grain has a rather large value, the characteristic value (normally 
distributed) is negative. This is due to the equation of the characteristic value, see Eq. 11 
below, where mk is the 5-percentile value for a normal distribution, ym is the mean value, ks(n) 
can be seen in Eq. 12 and sy is the standard deviation. The term n is equal to six since six 
specimens were tested in this series, leading to ks(n) being 2,34 and the standard deviation, sy, 
is 21,77 kN/mm. 
 
 
 𝑚𝑘 = 𝑦𝑚 − 𝑘𝑠(𝑛) ∙ 𝑠𝑦 Eq. 11 
 𝑘𝑠(𝑛) =
6,5𝑛 + 6
3,7𝑛 − 3
 Eq. 12 
 
 
Figure 47 – Stress-deformation response for specimen 4E16p (to the left) and 5E16p (to the right). 
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Table 20 - Summary of the mean stiffness, standard deviation for the stiffness and characteristic 
values (both parallel and perpendicular to the grain). 
Dowel diameter 
[mm] 
𝜶  
[°] 
Mean stiffness 
(𝒚𝒎)  
[kN/mm] 
Stdev 
(𝒔𝒚 𝒚𝒎⁄ ) 
[%] 
5-percentile1  
(𝒎𝒌) 
[kN/mm] 
5-percentile2  
 
[kN/mm] 
12  
0 
28,4 36,9 3,8 11,6 
16 40,9 29,0 12,3 19,1 
20 49,2 44,2 - 16,9 
12  
90 
 
5,0 21,0 2,5 2,9 
16 5,4 19,7 2,9 3,3 
20 7,2 18,4 4,1 4,6 
1 Normally distributed 
2 Logarithmically normally distributed 
 
A study was made in 2013 for Accoya’s acetylated Radiata pine, testing the mechanical 
properties of the wood [23]. The study was made with pre-drilled holes (same as the test 
performed in this report) but instead with only a 10 mm diameter bolt. The values for the E.S 
can be seen in Table 21, for both service class 1 conditions (21 °C and a relative humidity of 
65%) and service class 3 conditions (the specimens were immersed under water for 4-6 
weeks). The service class 1 conditions were similar to the testing of the acetylated 
Scandinavian pine performed in this report, thus a test for dowel diameter 10 mm was never 
performed. After all, it is still possible to compare the results if calculating the characteristic 
embedment strength based on the characteristic density with Eq. 7, see Table 21. The 
calculated characteristic E.S is slightly higher in comparison with the Accoya test specimen, 
both parallel and perpendicular to the grain. This is due to the somewhat higher density 
reached in the acetylated Scandinavian pine.  
 
Table 21 - E.S for Accoya wood (service class 1 and 3) and E.S calculated with characteristic density 
of Accoya wood and for acetylated Scandinavian pine from SP. Dowel diameter 10 mm. [23] 
Dowel 
diameter  
 
[mm] 
𝜶  
 
 
[°] 
Char. E.S 
of Accoya 
wood1 
[MPa] 
Char. E.S 
of Accoya 
wood2 
[MPa] 
E.S based on char. 
density of Accoya 
wood 
[MPa] 
E.S based on char. 
density of Scots pine 
from SP 
 [MPa] 
10 
 
0 49,0 30,6 34,2 39,2 
90 22,1 17,2 23,8 26,1 
1 Service class 1 
2 Service class 3 
 
Furthermore, similarities between the overall mean ratio between service class 1 and 3 and the 
ratio of kmod given in EN 1995-1-1 were seen. The ratio for Accoya wood (E.S) was 0,7 for 
loading parallel to the grain and 0,8 for loading perpendicular to the grain. For kmod a 
comparable range can be seen between 0,78 and 0,83, depending on the duration of the load 
and the class considered. The conclusion drawn was that the kmod factor for service class was 
appropriate as well for Accoya wood. [23] 
6.5 Shear capacity in a connection 
A summary of the mean value of the shear capacity, standard deviation and characteristic 
values (both normally distributed respective logarithmically normally distributed) can be seen 
in Table 22. It is important to mention that the standards applied to this test were applicable 
for untreated wood. Therefore, the characteristic values may have a deviated behavior, since 
the acetylated timber may not have the same behavior as untreated timber. As seen in the table 
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below, the shear capacity increases with the dowel diameter and so does the standard 
deviation. Since the standard deviation is higher for dowel diameter 20 mm than for the other 
test series, the characteristic value (normal distribution) is lower since it reduces with 
increasing standard deviation, due to the facts described in section 6.4. This indicates also that 
a dowel diameter of 20 mm is to big in relation to the thickness of the timber (25 mm). 
 
Table 22 - Summary of mean shear capacity, standard deviation for the mean shear capacity and 
characteristic values. 
Dowel diameter 
[mm] 
Mean shear capacity  
[kN] 
Stdev 
[%] 
5-percentile1 
[kN] 
5-percentile2 
[kN] 
12 13,7 10,9 10,2 10,5 
16 18,9 13,4 13,0 13,4 
20 19,0 22,5 9,0 10,8 
1 Normally distributed 
2 Logarithmically normally distributed 
 
The characteristic shear capacity in a connection was calculated based on the measured 
characteristic density with Eq. 8 (multiplied with two due to two shear planes). Likewise, the 
same equation was used for structural timber, C24, see Table 23. Because of the higher 
characteristic density for acetylated Scandinavian pine (compared with C24) the embedment 
strength is higher as well as the characteristic shear capacity. However, whether the 
characteristic shear capacity for acetylated Scandinavian pine is higher in comparison with 
structural timber is difficult to determine since only six tests were performed in each testing 
series. But to compare the calculated characteristic shear capacity with the tested 
characteristic shear capacity (the 5-percentile value) is possible. The tested specimens had a 
slightly lower value than the calculated for dowel size 12 and 16 mm. For dowel size 20 mm 
the tested characteristic shear capacity was only 9,0 kN (as a result of the high standard 
deviation) while the calculated was 16,2 kN. Meanwhile, the mean value for this test series 
was 19,0 kN, more than twice as high as the characteristic value.  
 
Table 23 - Characteristic shear capacity calculated according to Eq. 8 for acetylated Scandinavian 
pine compared with structural timber C24. 
Dowel diameter 
[mm] 
Characteristic shear capacity [kN] 
Acetylated Scandinavian pine C24 
12 10,7 7,1 
16 13,6 9,0 
20 16,2 10,7 
 
Results gained with this test performed could not be compared with other tests performed in 
the literature since shear capacity in a connection with acetylated timber has not been tested. 
Nevertheless, a shear test was performed (not in connection) for Accoya’s structural timber 
and had a characteristic tension strength parallel to the grain of 19,9 MPa [23]. Structural 
timber, C24 and C30, has according to the codes a characteristic tension strength parallel to 
the grain of 14 MPa and 18 MPa. Since a test performed for tension (not in connection) was 
not performed for acetylated Scandinavian pine, a comparison can not be made.  
 
Before testing the specimens named 1T20b and 1T20c small initial cracks were noticed. This 
may have an effect on the result since those two specimens had the lowest shear capacity in 
that testing series. As only six specimens were supplied, pieces with initial cracks in the 
timber could not be sorted out. Furthermore, the test for the shear capacity in a connection 
was performed in such way that only failure in the testing side was allowed. This was made 
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by following the code and the capacity of the anchoring part of the specimen was designed 
with a relatively higher tension capacity than the testing side (where the single dowel was 
placed). However, one out of 18 specimens (2T20c) had a failure mode of row shear in the 
upper (anchoring) part. Negligence of this specimen may be made sine it may be because of 
initial imperfections. Nevertheless, 94,4% had a lower row shear as a failure mode. This 
failure mode and the shape of the curves in the force-displacement diagrams attained from the 
tests indicate that the connections were not ductile enough, indicating that the codes may not 
be applicable for acetylated timber and a bigger distance to edge may be necessary, or 
possibly a reinforcement of the timber. However, Accoya states that the same general rules 
apply for their acetylated wood as for other softwood, regarding distance to edge and for 
example pre-drilling [19].  
 
The mean values for the stiffness of the connection and characteristic stiffness (5-percentile) 
values are shown in Table 24. In contrary to other parameters the standard deviation of the 
stiffness is decreasing with increasing dowel diameter. However, the characteristic values of 
stiffness especially for the test with dowel diameter 12 mm have a deviated behavior, this due 
to the rather high standard deviation.  
 
Table 24 - Summary of the mean stiffness, standard deviation for the stiffness and characteristic 
values. 
Dowel diameter 
[mm] 
Mean Stiffness 
[kN/mm] 
Stdev  
[%] 
5-percentile1 
[kN/mm] 
5-percentile2 
[kN/mm] 
12 16,2 40,5 0,8 5,3 
16 23,5 23,7 10,5 13,1 
20 22,6 22,2 10,8 12,9 
1 Normally distributed 
2 Logarithmically normally distributed 
6.6 Difficulties with acetylation of Scandinavian pine 
To use acetylated Scandinavian pine for loadbearing structures seems to be a possibility and 
the acetylation does not affect the strength properties negatively. Rune Ziethén at SP states 
that it is possible (purely technical) to produce and commercialize acetylated Scandinavian 
pine but to do so the sawmills need to develop [22]. This is due to how different parts of the 
wood react to the acetylation process. Since the annual rings are close to one another and the 
pores between the fibers are closed in the heartwood it is much more difficult to acetylate the 
heartwood. A WPG of 15-20% is possible for the heartwood whereas, the sapwood can easily 
reach a WPG of 20-25% [21]. But purely technical there is no significant difference between 
heart- and sapwood regarding the acetylation process. Brelid Larsson further claims that if the 
acetylated timber consists of a mixture between heartwood and sapwood the final product will 
have different material properties. If only using sapwood the result is more homogenous. One 
of the advantages with the timber Accoya uses, Radiata pine, is that it is much easier to 
acetylate and absorbs the OH-groups faster. Due to the differences of absorbing the OH-
groups the swelling of the wood differs as well. Furthermore, Ziethén claims that out of all the 
commercialized modification methods (thermal, acetylation and furfurylation) the acetylation 
process seems to have the least impact on the mechanical properties of the wood. All timber 
species have one thing in common when acetylating. This is the increasing density due to 
swelling of the timber during acetylation, leading to that the amount of load-bearing fibers 
decrease per cross-section in relation to unmodified timber.  
 
 53 
 
 
Furthermore, another difficulty with acetylated timber is that when it has reached the end of 
its lifecycle it can not be sent to the paper mill since one uses the OH-groups to produce the 
wood pulp. In acetylated timber the OH-groups are replaced with acetyl groups [21]. 
 
Nowadays the sawmills use 50% out of the wood stock for blanks and structural timber [1]. 
Studies for increasing the utilization rate of the tree and how to develop todays sawmills are 
under process. The Swedish sawmills are today regarded as leading on the field and have a 
high productivity [1]. 
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7 CONCLUSION 
There is no doubt of the need for new renewable materials in the construction industry. To use 
raw materials produced in our own country, like wood, is of great advantage for the 
environment: Not only due to decreasing transport and carbon dioxide emissions but also 
contributing to a use of a material which is not toxic before, during and at the end of its 
lifetime while maintaining the production in Sweden.  
 
To acetylate timber in structural size, has many advantages, as for example the dimensional 
stability increases with 70-80% if the acetylated timber has a WPG of 20%, and the resistance 
against any biological attack is improved. In order to keep the strength of the timber during 
the modification process it is important to keep the temperature at a sufficient rate, since the 
strength decreases with higher temperature. When acetylating timber, the original quality and 
moisture content of the timber is of great importance since the acetic anhydride will rather 
react with water than with the OH-groups in the timber. Some drawbacks with acetylated 
timber is that acetic acid is a byproduct and metals used for joints and connections are more 
susceptible to corrosion. Furthermore, the timber cannot be sent to the paper mill at the end of 
its lifetime. 
 
The characteristic density of the tested timber in this report increases when acetylated to 
approximately 530 kg/m3. Compared to unmodified structural timber (C24) an increase of 
52% was reached, due to the swelling of the material when OH-groups are replaced with 
acetyl-groups in the cell walls. Nowadays, only acetylation with Radiata pine is 
commercialized and used for loadbearing structures around the world. Acetylated Radiata 
pine has a characteristic density of 510 kg/m3. A higher density generates higher embedment 
strength for dowel type fasteners. Furthermore, as expected the equilibrium moisture content 
of the acetylated Scandinavian pine was lower in comparison with untreated timber of the 
same type. The reason for this is that the remaining acetyl groups do not react with water and 
therefore the timber has a better resistance against moisture changes, which is one of the 
biggest advantages with acetylated timber. 
 
The mean modulus of elasticity for acetylated Scandinavian pine reached 14,9 GPa and the 
characteristic MOE was determined to 9,2-9,8 GPa (for normally- and logarithmically 
normally distributed), compared with structural timber (C24), which has a characteristic MOE 
of 7,4 GPa. Higher MOE gives a stiffer material. In general, a higher E.S was attained. For the 
tests performed perpendicular to the grain the results were more scattering and deviated from 
the hypothesis of a higher E.S when acetylated. For all the tests performed parallel to the 
grain the tested characteristic E.S was higher than the calculated characteristic E.S, in contrast 
to the test performed perpendicular to the grain. However, almost all the tests performed 
perpendicular to the grain had an embedment failure, and for parallel tests about half of the 
tests had a crack failure and half an embedment failure.  
 
Moreover, a higher shear capacity was expected (and reached), in comparison with 
unmodified timber, as the density and E.S was higher. The failure mode and the shape of the 
curves in the force-displacement diagrams attained from the tests indicate that the connection 
may not be ductile enough. This indicates that the codes may not be applicable for acetylated 
timber and a bigger distance to edge may be necessary, or possibly a reinforcement of the 
timber. To conclude this report, acetylation of Scandinavian pine does most probably not 
affect the mechanical properties of the timber in a negative way even though the material 
becomes more brittle.  
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7.1 Source of errors 
Possible errors performed in this report may be caused by human error, including reading 
errors when measuring and performing the tests.  
 
For the embedment strength tests the upper head of the loading cell sometimes twisted when 
pressuring the dowel downwards. This lead to a small turn of the force applied to the wood. 
Another source of error when testing the E.S is that the dowel and the wood sometimes were 
not completely parallel to each other, due to a small inclination of the pre-drilled hole.  
 
The deformation logged for all the tests was the total deformation of the entire specimen, not 
only for the area around the testing dowel. Eventual elongation or compression of the 
specimen is thus included in the deformation.  
 
Many specimens had local weaknesses as knots and other local deficiencies.  
 
Finally, as mentioned previously, the equations used were developed for untreated wood and 
may not be applicable for acetylated Scandinavian pine.   
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8 FURTHER STUDIES 
To get more comparable results, tests performed with both modified and unmodified timber 
with equal properties such as density, strength etc. (before modified) could be performed. The 
possibility to have more repetitions increases the reliability of the results which become more 
general and applicable, for example in order to generate codes for acetylated timber. 
Furthermore, developing of standards and codes applicable for acetylated timber (and or other 
modified timber specimens) for practical use are important research and development topics.  
 
Since service class 3 will most likely apply for loadbearing structures, another idea is to 
perform tests with specimens in service class 3 with acetylated Scandinavian pine. Moreover, 
to perform tests not performed in this report to evaluate other mechanical properties of the 
timber, as e.g. dimensional stability and for example the distance from dowel to end for a 
ductile failure mode. 
 
Finally, it would be interesting to make an economical evaluation of how much it might cost 
to produce acetylated Scandinavian pine for the consumers.  
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10 APPENDIX A – INDIVIDUAL RESULTS 
In the following, all individual results will be presented concerning the performed laboratory 
tests for embedment strength and shear capacity in a connection.  
10.1 Determination of embedment strength 
This part is divided by the size of the dowel, starting with dowel diameter 12 mm (section 
10.1.1), followed by 16 mm (section 10.1.2) and last 20 mm (section 10.1.3). As previously 
stated, each specimen was tested both parallel and perpendicular to the grain. Presenting here 
is first parallel, marked with a p in the denomination, and then perpendicular to the grain, 
marked with a v in the denomination, for each dowel size. 
 
10.1.1 Dowel diameter 12 mm 
10.1.1.1 Specimen - 1E12p 
 
 
Figure A. 1 – Stress and displacement for 1E12p. 
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3
Deformation [mm]
0
5
10
15
20
25
30
35
40
45
50
55
60
65
S
tr
e
s
s
 p
a
ra
lle
l 
to
 g
ra
in
 [
M
P
a
]
Stress 1E12p
 60 
 
 
 
Figure A. 2 – 1E12p before testing. 
 
Figure A. 3 – 1E12p after testing. 
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10.1.1.2 Specimen - 2E12p 
 
 
Figure A. 4 - Stress and displacement for 2E12p. 
 
 
Figure A. 5 – 2E12p before testing with initial crack. 
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Figure A. 6 - 2E12p after testing, new crack beside initial crack. 
 
Figure A. 7 – 2E12p/v after testing, reinforced with a screw (see right figure). 
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10.1.1.3 Specimen - 3E12p 
 
 
Figure A. 8 Stress and displacement for 3E12p. 
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Figure A. 9 – 3E12p before testing. 
 
Figure A. 10 – 3E12p/v after testing.  
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10.1.1.4 Specimen - 4E12p 
 
 
Figure A. 11 - Stress and displacement for 4E12p. 
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Figure A. 12 – 4E12p/v after testing, both sides. 
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10.1.1.5 Specimen - 5E12p 
 
 
Figure A. 13 - Stress and displacement for 5E12p. 
 
 
Figure A. 14 – 5E12p before testing. 
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Figure A. 15 - 5E12p/v after testing. 
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10.1.1.6 Specimen - 6E12p 
 
 
Figure A. 16 - Stress and displacement for 6E12p. 
 
 
Figure A.  17 – 6E12p before testing. 
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Figure A. 18 – 6E12p/v after testing. 
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10.1.1.7 Specimen - 1E12v 
 
 
Figure A. 19 - Stress and displacement for 1E12v. 
 
 
Figure A. 20 – 1E12v before testing. 
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Figure A. 21 – 1E12v after testing. 
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10.1.1.8 Specimen - 2E12v 
 
 
Figure A. 22 - Stress and displacement for 2E12v. 
 
 
Figure A. 23 – 2E12v after testing. 
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10.1.1.9 Specimen - 3E12v 
 
 
Figure A. 24 - Stress and displacement for 3E12v. 
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Figure A. 25 – 3E12v after testing. 
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10.1.1.10 Specimen - 4E12v 
 
 
Figure A. 26 - Stress and displacement for 4E12v. 
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Figure A. 27 - To the lest: 4E12v before test. To the right: 4E12v after test. 
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10.1.1.11 Specimen - 5E12v 
 
 
Figure A. 28 - Stress and displacement for 5E12v. 
 
 
Figure A. 29 – 5E12v after testing. 
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10.1.1.12 Specimen - 6E12v 
 
 
Figure A. 30 - Stress and displacement for 6E12v. 
 
Figure A. 31 – 6E12v after testing. 
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10.1.2 Dowel diameter 16 mm 
10.1.2.1 Specimen - 1E16p 
 
Figure A. 32 - Stress and displacement for 1E16p. 
 
 
Figure A. 33 – 1E16p before testing. 
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Figure A. 34 – 1E16p/v after testing. 
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10.1.2.2 Specimen - 2E16p 
 
 
Figure A. 35 - Stress and displacement for 2E16p. 
 
 
Figure A. 36 – 2E16p after testing. 
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10.1.2.3 Specimen - 3E16p 
 
 
Figure A. 37 - Stress and displacement for 3E16p. 
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Figure A. 38 – 3E16p after testing, from both sides. 
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10.1.2.4 Specimen - 4E16p 
 
 
Figure A. 39 - Stress and displacement for 4E16p. 
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10.1.2.5 Specimen - 5E16p 
 
 
Figure A. 40 - Stress and displacement for 5E16p. 
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Figure A. 41 – 5E16p/v after testing. 
 
 
Figure A. 42 – 5E16p after testing, showing the screw which was inserted because of an initial crack. 
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10.1.2.6 Specimen - 6E16p 
 
 
Figure A. 43 - Stress and displacement for 6E16p. 
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10.1.2.7 Specimen - 1E16v 
 
 
Figure A. 44 - Stress and displacement for 1E16v. 
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Figure A. 45 – 1E16v after testing. 
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10.1.2.8 Specimen - 2E16v 
 
 
Figure A. 46 - Stress and displacement for 2E16v. 
 
 
Figure A. 47 – 2E16v after testing. 
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Figure A. 48 – 2E16v close-up after testing. 
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10.1.2.9 Specimen - 3E16v 
 
 
Figure A. 49 - Stress and displacement for 3E16v. 
 
 
Figure A. 50 – 3E16v after testing. 
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8
Deformation [mm]
0
5
10
15
20
25
30
35
S
tr
e
s
s
 p
e
rp
e
n
d
ic
u
la
r 
to
 g
ra
in
 [
M
P
a
]
Stress 3E16v
 89 
 
 
 
10.1.2.10 Specimen - 4E16v 
 
 
Figure A. 51 - Stress and displacement for 4E16v. 
 
 
Figure A. 52 – 4E16v after testing. 
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10.1.2.11 Specimen - 5E16v 
 
 
Figure A. 53 - Stress and displacement for 5E16v. 
 
 
Figure A. 54 – 5E16v after testing.  
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10.1.2.12 Specimen - 6E16v 
 
 
Figure A. 55 - Stress and displacement for 6E16v. 
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Figure A. 56 – 6E16v after testing. 
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Figure A. 57 – 6E16v after testing. 
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10.1.3 Dowel diameter 20 mm 
10.1.3.1 Specimen - 1E20p 
 
 
Figure A. 58 - Stress and displacement for 1E20p. 
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Figure A. 59 – 1E20p after testing. 
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10.1.3.2 Specimen - 2E20p 
 
 
Figure A. 60 - Stress and displacement for 2E20p. 
 
 
Figure A. 61 – 2E20p after testing. 
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10.1.3.3 Specimen - 3E20p 
 
 
Figure A. 62 - Stress and displacement for 3E20p. 
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Figure A. 63 – 3E20p after testing. 
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10.1.3.4 Specimen - 4E20p 
 
 
Figure A. 64 - Stress and displacement for 4E20p. 
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Figure A. 65 - Specimen 4E20p showing the initial crack and its depth (left figure). 
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Figure A. 66 – 4E20p after testing. 
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10.1.3.5 Specimen - 5E20p 
 
 
Figure A. 67 - Stress and displacement for 5E20p. 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Deformation [mm]
0
5
10
15
20
25
30
35
40
45
50
55
60
S
tr
e
s
s
 p
a
ra
lle
l 
to
 g
ra
in
 [
M
P
a
]
Stress 5E20p
Figure A. 68 – 5E20p after testing. 
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Figure A. 69 - 5E20p with an initial crack and the depth (right figure). 
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10.1.3.6 Specimen - 6E20p 
 
 
Figure A. 70 - Stress and displacement for 6E20p. 
 
 
Figure A. 71 – 6E20p after testing. 
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10.1.3.7 Specimen - 1E20v 
 
 
Figure A. 72 - Stress and displacement for 1E20v. 
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10.1.3.8 Specimen - 2E20v 
 
 
Figure A. 73 - Stress and displacement for 2E20v. 
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Figure A. 74 – 2E20v after testing. 
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10.1.3.9 Specimen - 3E20v 
 
 
Figure A. 75 - Stress and displacement for 3E20v. 
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10.1.3.10 Specimen - 4E20v 
 
 
Figure A. 76 - Stress and displacement for 4E20v. 
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Figure A. 77 – 4E20v after testing. 
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10.1.3.11 Specimen - 5E20v 
 
 
Figure A. 78 - Stress and displacement for 5E20v. 
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10.1.3.12 Specimen - 6E20v 
 
 
Figure A. 79 - Stress and displacement for 6E20v. 
 
 
Figure A. 80 – 6E20v after testing. 
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10.2 Determination of shear capacity in a connection 
This part is divided by the size of the dowel, starting with dowel diameter 12 mm (section 
10.2.1), followed by 16 mm (section 10.2.2) and last 20 mm (section 10.2.3). The specimens 
is marked with a number, followed by a T, followed by the dowel diameter and a letter in the 
denomination, for example 4T12a. Number 4 shows which original board the specimen comes 
from (from 1-6), the T is for shear capacity test (tensile force), 12 for dowel diameter 12 mm 
and the a defines which part of the original specimens the testing timber is from (end- or 
middle part), see Figure 9. Where the end part is a or c and b is the middle part. A total 
amount of 18 tests were done, 6 for each dowel diameter.  
 
10.2.1 Dowel diameter 12 mm 
10.2.1.1 Specimen - 4T12a 
 
 
Figure A. 81 - Applied force and displacement for 4T12a. 
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Figure A. 82 – 4T12a before testing, from both sides. 
Figure A. 83 – 4T12a after testing, from both sides and close-up of the slip. 
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Figure A. 84 – 4T12a close-up, after testing. 
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10.2.1.2 Specimen - 4T12b 
 
 
Figure A. 85 - Applied force and displacement for 4T12b. 
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Figure A. 86 – 4T12b before testing. 
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Figure A. 87 – 4T12b after testing, from both sides and close-up. 
Figure A. 88 – 4T12b after testing. 
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10.2.1.3 Specimen - 4T12c 
 
 
Figure A. 89 - Applied force and displacement for 4T12c. 
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Figure A. 90 – 4T12c before testing. 
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Figure A. 91 – 4T12c after testing. 
Figure A. 92 - 4T12c after testing from both sides, and close-up. 
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10.2.1.4 Specimen - 5T12a 
 
 
Figure A. 93 - Applied force and displacement for 5T12a. 
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Figure A. 94 – 5T12a before testing. 
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Figure A. 95 – 5T12a after testing, from both sides and close-up. 
Figure A. 96 – 5T12a after testing. 
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10.2.1.5 Specimen - 5T12b 
 
 
Figure A. 97 - Applied force and displacement for 5T12b. 
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Figure A. 98 – 5T12b before testing, from both sides. 
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Figure A. 99 – 5T12b after testing, from both sides and close-up. 
Figure A. 100 – 5T12b after testing. 
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10.2.1.6 Specimen - 5T12c 
 
 
 
Figure A. 101 - Applied force and displacement for 5T12c. 
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Figure A. 102 – 5T12c before testing, from both sides. 
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Figure A. 103 – 5T12c after testing, from both sides and close-up. 
Figure A. 104 – 5T12c after testing. 
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10.2.2 Dowel diameter 16 mm 
10.2.2.1 Specimen - 3T16a 
 
 
Figure A. 105 - Applied force and displacement for 3T16a. 
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Figure A. 106 – 3T16a before testing, from both sides. 
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Figure A. 107 – 3T16a after testing, from both sides and close-up. 
Figure A. 108 – 3T16a after testing. 
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10.2.2.2 Specimen - 3T16b 
 
 
Figure A. 109 - Applied force and displacement for 3T16b. 
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Figure A. 110 – 3T16b before testing, from both sides. 
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Figure A. 111 – 3T16b after testing, from both sides and close-up. 
Figure A. 112 – 3T16b after testing. 
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10.2.2.3 Specimen - 3T16c 
 
 
Figure A. 113 - Applied force and displacement for 3T16c. 
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Figure A. 114 – 3T16c before testing, from both sides. 
 125 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A. 115 – 3T16c after testing. 
Figure A. 116 – 3T16c after testing, close-up. 
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10.2.2.4 Specimen - 6T16a 
 
 
Figure A. 117 - Applied force and displacement for 6T16a. 
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Figure A. 118 – 6T16a before testing. 
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Figure A. 119 – 6T16a after testing, from both sides and close-up. 
Figure A. 120 – 6T16a after testing. 
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10.2.2.5 Specimen - 6T16b 
 
 
Figure A. 121 - Applied force and displacement for 6T16b. 
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Figure A. 122 – 6T16b before testing. 
 129 
 
 
 
 
 
Figure A. 124 – 6T16b after testing. 
 
Figure A. 123 – 6T16b after testing from both sides and close-up. 
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10.2.2.6 Specimen - 6T16c 
 
 
Figure A. 125 - Applied force and displacement for 6T16c. 
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Figure A. 126 – 6T16c before testing, from both sides. 
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Figure A. 127 – 6T16c after testing, from both sides and close-up. 
Figure A. 128 – 6T16c after testing. 
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10.2.3 Dowel diameter 20 mm 
10.2.3.1 Specimen - 1T20a 
 
 
Figure A. 129 - Applied force and displacement for 1T20a. 
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Shear capacity in a connection, 1T20a
Figure A. 130 - 1T20a before testing, from both sides. 
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Figure A. 131 – 1T20a after testing, from both sides and close-up. 
Figure A. 132 – 1T20a after testing. 
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10.2.3.2 Specimen - 1T20b 
 
 
Figure A. 133 - Applied force and displacement for 1T20b. 
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Shear capacity in a connection, 1T20b
Figure A. 134 – 1T20b before testing, from both sides. 
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Figure A. 135 – 1T20b after testing, from both sides and close-up. 
Figure A. 136 – 1T20b after testing. 
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10.2.3.3 Specimen - 1T20c 
 
 
Figure A. 137 - Applied force and displacement for 1T20c. 
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Figure A. 138 – 1T20c before testing, from both sides. 
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Figure A. 139 – 1T20c after testing, from both sides and close-up. 
Figure A. 140 – 1T20c after testing. 
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10.2.3.4 Specimen - 2T20a 
 
 
Figure A. 141 - Applied force and displacement for 2T20a. 
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Figure A. 142 – 2T20a before testing, from both sides. 
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Figure A. 144 – 2T20a after testing. 
 
 
Figure A. 143 – 2T20a after testing, from both sides and close-up. 
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10.2.3.5 Specimen - 2T20b 
 
 
Figure A. 145 - Applied force and displacement for 2T20b. 
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Figure A. 146 – 2T20b before testing, from both sides. 
 141 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A. 148 – 2T20b after testing. 
  
Figure A. 147 – 2T20b after testing. 
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10.2.3.6 Specimen - 2T20c 
 
 
Figure A. 149 - Applied force and displacement for 2T20c. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A. 150 – 2T20c before testing, from both sides. 
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Figure A. 151 – 2T20c after testing, from both sides. 
Figure A. 152 – 2T20c after testing, from both sides. 
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Figure A. 153 – 2T20c after testing, upper and lower end. 
